







Analyse des protéines du tégument par virométrie en flux 
et protéomique des capsides nucléaires du Virus Herpès 




Nabil El Bilali 
 
 
Département de microbiologie, infectiologie et immunologie 




Thèse présentée à la faculté de médecine 
en vue de l’obtention du grade de Philosophiæ Doctor (Ph.D) 













Le virus herpès simplex de type 1 (VHS-1) est un agent infectieux hautement contagieux 
qui constitue un véritable problème de santé mondiale causant de nombreuses pathologies allant 
de l'herpès labial jusqu’aux plus graves comme l'encéphalite et les complications chez les nouveau-
nés. Le virus comporte 4 composants structurels distincts : un génome viral d’ADN double brin 
linéaire englobé dans une capside icosaèdrale de 125 nm, une couche de protéine appelée tégument, 
et une enveloppe lipidique dérivée de l'hôte dans laquelle les glycoprotéines virales sont ancrées. 
Le tégument est un réseau très dense et très complexe comprenant des milliers de copies de 
protéines de différentes tailles qui relient structurellement l'enveloppe virale à la capside. Ces 
protéines multifonctionnelles remplissent plusieurs fonctions importantes tout au long du cycle 
viral. Elles sont impliquées dans le transport des capsides entrantes jusqu’aux pores nucléaires, la 
maturation et la sortie des particules virales nouvellement formées ainsi que l'acquisition de 
l'enveloppe finale. Les protéines du tégument ont été largement étudiées dans le but de déterminer 
leurs rôles dans l'infection et la virulence. Cependant, étant limitées par les techniques 
conventionnelles, toutes ces études considèrent que l'ensemble de la population virale est 
responsable du phénotype de l'infection sans tenir compte de l'hétérogénéité possible des protéines 
tégumentaires entre les particules virales et son impact sur l'infectiosité.  
Après la fusion de l'enveloppe virale avec la membrane plasmique conduisant à l'entrée du 
virus, le génome viral est livré au noyau, où il se réplique afin d’amorcer l'assemblage des nouvelles 
capsides. À ce stade, quatre espèces distinctes de capsides non eveloppées sont présentes. Les 
procapsides thermodynamiquement instables, les capsides A et B qui ne parviennent pas à 
incorporer correctement le génome viral, et les capsides C qui incorporent le génome viral et 
formeront finalement des virions enveloppés matures. Ces capsides peuvent être distinguées les 
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unes des autres sur la base de leurs composition (ADN et protéines) ainsi que de leur apparence en 
microscopie électronique. Les capsides A et B sont considérées comme abortives et seuls les C-
capsides matures peuvent traverser les deux membranes nucléaires par un mécanisme 
d'enveloppement / dé-enveloppement et sont finalement réenveloppées dans le TGN. L'acquisition 
de la couche de tégument est supposée se faire de façon séquentielle du noyau au TGN en passant 
par le cytoplasme. Cette acquisition est favorisée par un réseau très complexe d’interactions 
protéiques impliquant la capside et les protéines du tégument. Cependant, la séquence exacte 
d’addition de ces protéines est encore mal définie. 
Dans le premier article présenté dans cette thèse et qui a été publié dans Journal of Virology, 
nous avons analysé la teneur en protéines tégumentaires des particules individuelles du virus de 
l'herpès simplex 1 en utilisant une approche innovatrice de cytométrie en flux que nous avons 
développée en laboratoire. Nos données confirment que si certaines protéines virales sont 
incorporées en quantités contrôlées, d'autres varient considérablement. Ces résultats nous ont 
également permis de mettre en évidence l’existence d’une corrélation entre l'abondance de 
protéines tégumentaires spécifiques et l’infectiosité du virus. 
Dans le deuxième article, l’emploi de la virométrie en flux nous a également permis non 
seulement d’analyser les capsides nucléaires, mais aussi d’enrichir la pureté des capsides C. Et 
pour la première fois, on a été capable d’analyser trois types de capsides nucléaires (A, B et C) par 
spectrométrie de masse et de déterminer leur composition protéique globale. Ceci appuie fortement 
la doctrine selon laquelle l’acquisition du tégument démarre hâtivement au niveau du noyau et 
soutient l’implication probable de ces protéines dans l’enveloppement primaire des capsides. Nous 
avons également découvert la présence de protéines de l’hôte associées aux capsides. 
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Herpes simplex virus type 1 (HSV-1) is a highly contagious infectious agent that constitutes 
a real global health problem and can cause many pathologies ranging from cold sores to 
encephalitis and systemic disease in newborns. The virus is composed of 4 distinct structural 
components: a linear double-stranded DNA viral genome encompassed within a 125 nm 
icosahedral capsid, a layer of protein called the tegument, and a host-derived lipid envelope in 
which the viral glycoproteins are anchored. The tegument is a very dense and very complex 
network comprising thousands of proteins of different sizes that structurally bridge the viral 
envelope to the capsid. These multifunctional proteins perform several important functions 
throughout the viral cycle. They are involved in transport and targeting of incoming capsids to 
nuclear pores, maturation and egress of newly made viral particles, and the acquisition of the final 
envelope. Tegument proteins have been extensively studied to determine their roles in infection 
and virulence. However, being limited by conventional techniques, all these studies consider the 
entire viral population to be responsible for the infectious phenotype without considering the 
possible heterogeneity of specific tegument proteins among viral particles and its effect on 
infectivity.  
Following fusion of the viral envelope with the plasma membrane leading to entry of the 
virus, the viral genome is delivered to the nucleus, where it replicates and leads to the assembly of 
new capsids. Here, four distinct nonenveloped capsid species are present. The thermodynamically 
unstable procapsids, the A‐capsids that fail to properly incorporate the viral genome, the B‐capsids 
that also lack viral DNA and the C‐capsids that incorporate the viral genome and ultimately form 
mature enveloped virions. Those capsids can be distinguished from each other based on their 
composition (DNA and proteins) contents and their appearance in electron microscopy. A- and B-
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capsids are considered to be abortive and only mature C-capsids can travel across the two nuclear 
membranes by an envelopment/de‐envelopment mechanism and are ultimately re‐enveloped in the 
TGN. The acquisition of the tegument layer is believed to be sequential from the nucleus to the 
TGN via the cytoplasm. This acquisition is favored by a very complex network of protein 
interactions involving the capsid and the proteins of the tegument. However, the exact sequence of 
addition of these proteins is still poorly defined. 
The first paper presented in this thesis has been published in Journal of Virology. Here, we 
analyzed the protein content of individual herpes simplex virus 1 particles using an innovative flow 
cytometry approach we developed in the laboratory. Our data confirm that while some viral 
proteins are incorporated in controlled amounts, others vary substantially. We also highlighted the 
correlation between the abundance of specific tegument proteins and the infectivity of the virions. 
In the second paper, the use of flow virometry enabled us not only to analyze the nuclear 
capsids, but also to increase the purity of C-capsids. And for the first time, we were able to analyze 
three types of nuclear capsids (A, B and C) by mass spectrometry and determine their overall 
protein composition. These observations strongly support the hypothesis that acquisition of the 
tegument proteins starts early at the nucleus and support the likely involvement of these proteins 
in the primary envelopment of the capsids. We also noted the presence of host proteins associated 
with capsids. 
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Chapitre I - Introduction 
Bien que l’existence des virus n’ait été montrée qu’à la fin du 19ème siècle, la virologie 
possède une histoire remarquable. Avant que le terme « virus » ne soit adopté, ces organismes 
étaient d’abord reconnus comme étant des « agents filtrables » submicroscopiques, différents 
de la bactérie et pouvant être la cause de la maladie de la mosaïque du tabac (1). Les maladies 
virales ont façonné l'histoire et l'évolution de la vie sur terre et au cours des dernières décennies, 
nos connaissances se sont accrues de façon exponentielle grâce à la culture cellulaire et virale. 
Ainsi, de nombreux concepts et outils de la biologie moléculaire et de la biologie cellulaire ont 
été dérivés de l'étude des virus et de leurs cellules hôtes. 
Le virus Herpès simplex de type 1 (VHS-1) est l’agent responsable de plusieurs 
pathologies allant des moins graves - dont les lésions orolabiales, plus connues sous le nom des 
feux sauvages – aux plus sérieuses telles que les encéphalites, les kératites ou même encore la 
paralysie de Bell. Ainsi, pour être capable de dominer ces maladies, il faut être en mesure de 
bien maîtriser le cycle de réplication viral. Cependant, bien que plusieurs recherches aient 
apporté considérablement de la lumière quant au cycle viral, beaucoup de questions se posent 
encore concernant la sortie des capsides du noyau ainsi que le processus d’acquisition des 
protéines du tégument qui relient la capside à l’enveloppe virale. Ipso facto, la caractérisation 
de la composition précise des capsides nucléaires peut ainsi être informative à cet égard afin de 
déterminer où et quand est-ce que chaque composant du tégument est recruté sur les capsides 
virales. Aussi, l’étude de l'importance de la quantité relative des protéines tégumentaires et son 
impact sur l’infectiosité permet d’évaluer directement la pertinence biologique de la variabilité 
des protéines entre les virions individuels. Les travaux de recherche présentés dans cette thèse 





I.1 Le virus herpès simplex de type 1 (VHS-1) 
I.1.1 Historique 
Le virus herpès simplex a une histoire remarquablement digne d’intérêt. Bien qu’il ne 
soit pas exactement connu par qui et quand il a été découvert jusqu’aujourd’hui, le virus herpès 
simplex est l’un des pathogènes les plus anciens connues de l'homme et avec lequel il a co-
évolué pendant des milliers d'années. Il semblerait que tout a commencé il y a 2500 à 3000 ans 
avant Jésus-Christ (av. J.-C) lorsque des lésions ressemblant à celles causées par le VHS-1 
auraient été décrites sur une tablette sumérienne (2, 3) puis sur le papyrus d'Ebers (vers 1500 
avant J.-C.)(4). En Grèce antique durant le siècle de Périclès (5ème siècle avant Jésus-Christ) 
lorsque le père de la médecine Hippocrate utilisa le mot grec herpes qui signifie ramper pour la 
description des lésions et des plaies cutanées qui semblent diffuser le long de la surface de la 
peau (2, 3, 5-8). Quelques siècles plus tard, l'empereur romain Tibère interdit les échanges de 
baisers pendant toutes les cérémonies, les évènements publics et les rituels afin de freiner la 
propagation de l’épidémie de l’herpès de la bouche (9) et un médecin de la même époque 
nommé Celsus (Celse en français) suggéra de cautériser les plaies causées par l’herpès avec du 
fer chauffé au rouge (10-12). 
L’histoire de l’herpès reprend de l’ampleur durant les derniers siècles avec l’émergence 
de nouvelles définitions tantôt confuses tantôt claires, mais reconnaissant toutes différents types 
d'herpès (5). Ainsi, à la fin du 17ème siècle, le médecin anglais Richard Morton décrit les boutons 
de fièvre (herpes fibrilis) comme étant de l’herpès (2, 5, 13) puis un autre médecin anglais du 
18ème siècle nommé Daniel Turner écrivit le premier livre en langue anglaise entièrement 
consacré à la dermatologie (14) et dans lequel il qualifie l’herpès de « pustule cholérique qui 
éclate de la peau » et distingue par conséquent plusieurs types d’herpès  (2, 5, 15).  Quelques 
années plus tard, John Astruc étant le médecin du roi Louis XV s’intéressa dans une étude à 
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examiner des prostituées sous surveillance médicale et publia son traité sur les maladies 
vénériennes (De Morbis Veneris) dans lequel il mit en évidence la relation directe entre l’herpès 
et les organes génitaux devenant ainsi le premier à décrire l'herpès génital (2, 3, 16). Au 19ème 
siècle Thomas Bateman reconnait quelques types de lésions à herpès et les décrit comme étant 
« des lésions récurrentes caractérisées toutes par une ou plusieurs petites vésicules superficielles 
localisées sur la peau qui guérissent spontanément dans les dix ou douze jours » (2, 6, 17-20) 
et Paul Gerson Unna quelques années plus tard donna une description plus claire sur l’aspect 
récurrent de l’herpès génital spécifiquement sur les femmes (21). Presque dans la même 
période, le dermatologue français Jean-Baptiste Émile Vidal démontra que l’infection pourrait 
être transmissible d’une personne à une autre (2). Puis les premiers livres sur le diagnostic et le 
traitement de l’herpès génital voient le jour par Diday en premier puis Fournier par la suite (2, 
22, 23).  
Le 20ème siècle se démarque par le début de l’expérimentation sur l’herpès 
spécifiquement en Allemagne avec l’émergence de nouvelles techniques d’isolation et 
d’analyse et l’utilisation de modèles animaux. Ainsi, l’ophtalmologue allemand Wilhelm 
Grüter a démontré que l’agent causant les infections herpétiques pourrait être cultivé dans les 
embryons de lapin et de poulet en mettant le point sur la possibilité de transmettre le virus d’une 
personne infectée à la cornée d’un lapin développant ainsi le premier test pour le diagnostic de 
l’herpès « le test de Grater »  (2, 24, 25). Dans les années 1930, Andrews et Carmichael ont 
constaté la présence d’anticorps spécifiques au virus de l’herpès dans le sérum de patients 
adultes ayant déjà contracté le virus et que seuls ces patients pouvaient avoir des récidives 
d’infections (2, 3, 26, 27). Cette notion de récurrence chez les patients possédant des anticorps 
poussa Robert Doerr à admettre que l’infection chez ces patients était due à des agents 
infectieux endogènes produits sous l’effet de certains stimuli (2, 3, 28). Ainsi, les premières 
hypothèses sur la latence du virus de l’herpès a vu le jour en 1939 par le virologiste australien 
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Burnet, Frank Macfarlane et son collègue pédiatre Williams Stanley qui ont confirmé la 
persistance de l’herpès chez les personnes infectées et sa capacité à se réactiver 
symptomatiquement (2, 29). Et ce n’est qu’en 1971 que l’hypothèse de la latence sera prouvée 
par les deux scientifiques Jack Stevens et Marjorie Cook dans leur étude publiée dans Science 
(30). D’autres membres de la famille des Herpesviridae - pouvant causer d’autres types de 
maladies avec des complications distinctes - ont pu être isolés grâce au développement et la 
maîtrise de la culture cellulaire notamment l’isolation du virus Epstein-Barr (EBV) à partir de 
culture de cellules lymphomateuses  d’un lymphome de Burkitt et celle des herpèsvirus humain 
6A (HHV-6A), 6B (HHV-6B), 7 (HHV-7) et 8 (HHV-8) à partir de culture de lymphocytes T 
(2, 31-37). La plupart des médecins croyaient que toutes les infections herpétiques étaient 
causées par un seul virus, mais le médecin allemand Bernard Lipschutz avait une autre vision 
et suggéra en 1921 que l'herpès oral et l'herpès génital étaient causés par des virus différents 
(27). Cependant, il fallait attendre près de deux décennies pour que l’allemand Karl Schneweis 
et son collègue André Nahmias découvrent qu'il existait deux virus de l'herpès simplex 
distincts : l’herpès simplex de type I (VHS-1), responsable des lésions dans la région labiale et 
le virus herpès de type II (VHS-2) responsable des lésions dans les organes génitaux (2, 27, 38). 
Les recherches sur l’herpès s’accentuent donnant ainsi plus d’informations quant à la structure, 
l’architecture et la composition en protéines des particules virales (39-50). En même temps, la 
recherche sur des agents antiviraux commença à voir le jour par le développement du vidarabine 
qui était capable de réduire la mortalité chez les personnes atteintes d’encéphalites, mais en 
même temps difficile à administrer et accompagné de toxicité (2, 51). En 1977, la biochimiste 
Gertrude Elion développa l’Aciclovir : un nouveau médicament antiviral efficace et non toxique 
cette fois-ci (2, 52-54). La compréhension du cycle viral du VHS-1 et le développement des 
techniques de biologie moléculaire poussent les chercheurs à exploiter l’aspect infectieux du 
virus ainsi que les avantages que procure la manipulation de son génome pour le considérer 
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comme un nouvel agent thérapeutique susceptible de cibler spécifiquement des types cellulaires 
démontrant ainsi un grand potentiel quant à son utilisation comme agent immuno-
prophylactique ou vecteur pour la thérapie génique (2, 55-58). La recherche sur le virus herpès 
simplex se poursuit toujours afin de mieux comprendre le cycle viral et de développer un vaccin 
capable de nous protéger des infections, mais aussi pour l’utiliser de façon plus large tel un 
virus oncolytique dans le traitement de différents types de cancers. Récemment, l’agence 
Américaine de certification des aliments et des médicaments « Food and Drug Administration » 
(FDA) ainsi que l’Agence européenne des médicaments « European Medicine Agency » (EMA) 
ont officiellement approuvé l’utilisation du Talimogène laherparépvec (T-VEC, aussi connu 
sous le nom OncoVEXGM-CSF) chez les patients atteints de mélanome (59). Le virus 
OncoVEXGM-CSF est une souche génétiquement modifiée de VHS-1 obtenu en supprimant 
de manière fonctionnelle 2 gènes codent pour 2 facteurs de neurovirulence (ICP34.5 et ICP47) 
et en insérant une cassette codant pour le facteur stimulant les colonies de granulocytes et de 
macrophages humains « Granulocyte-macrophage colony-stimulating factor » (GM-CSF) (59-
61). Ces modifications génétiques permettent au virus d’établir une infection productive dans 
les cellules malignes (mais pas dans les cellules normales) et de favoriser le recrutement et 
l'activation des cellules présentatrices d'antigènes, permettant ainsi au virus de favoriser 
l'initiation d'une réponse immunitaire ciblant la tumeur (59-61). 
I.1.2 Classification et famille des Herpesviridae 
La taxonomie des herpèsvirus a été réalisée pour la première fois par le Comité 
international sur la taxonomie des virus (ICTV) lors de son premier rapport en 1971 (62). Cette 
taxonomie reposait principalement sur les caractères morphologiques distinctifs des herpèsvirus 
à savoir un cœur d’une seule copie d’ADN linéaire double brin de 125-295 kilopaires de bases 
(kpb) empaqueté à une haute densité dans une capside icosaèdrale de 100-130 nm, une couche 
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de protéines appelée tégument entourant la capside et une enveloppe lipidique dans laquelle des 
glycoprotéines virales sont ancrées (63-67). 
Tous les herpèsvirus étaient groupés au départ dans une seule et même famille des 
Herpesviridae. Cependant, au fur et à mesure que la classification s’est développée avec 
l’exploitation des résultats de séquençage de l’ADN viral, il était clair que les herpèsvirus de 
poissons sont marginalement liés à ceux des mammifères, des oiseaux et des reptiles (65, 67, 
68). Ces nouvelles données ont conduit à la révision de cette classification par le Comité 
international sur la taxonomie des virus et l’adoption de l’ordre Herpesvirales (64, 67). Cet 
ordre est divisé en trois familles liées phylogénétiquement infectant un large éventail d'hôtes. 
La famille des Alloherpesviridae comprend des virus infectant les poissons et les amphibiens 
(69). La famille des Herpesviridae comprend des virus infectant les mammifères, les oiseaux 
ou les reptiles (70). Enfin, La famille Malacoherpesviridae comprend des virus infectant les 
mollusques bivalves (71) (Figure 1).  
Adapté de Fields Virology (66). 





La famille des Herpesviridae est de loin la plus importante des herpèsvirus, tant par la 
grande diversité de ses membres que par le nombre d'études qui leur a été consacré. Ainsi, cette 
famille regroupe trois sous-familles : Alphaherpesvirinae, Betaherpesvirinae et 
Gammaherpesvirinae. 
La sous-famille des Alphaherpesvirinae regroupe des virus ayant un large spectre 
d’infection avec un cycle viral relativement court. Ils sont capables d’infecter plusieurs lignées 
cellulaires in vitro et de se propager rapidement en culture cellulaire induisant une lyse très 
efficace des cellules infectées et sont aussi capables d’induire une infection latente 
principalement et non exclusivement au niveau des ganglions sensoriels (66). Cette sous-famille 
comprend quatre genres à savoir Simplexvirus, Varicellovirus, Mardivirus, Iltovirus et quelques 
autres virus infectants des reptiles n’appartenant à aucun de ces genres (64, 66, 70). 
La sous-famille des Betaherpesvirinae regroupe des virus caractérisés principalement 
par le nombre restreint de cellules qu’ils peuvent infecter et un cycle réplicatif plus lent (plus 
que 7 jours) et une progression lente en culture cellulaire, mais surtout leur pouvoir à entraîner 
un élargissement de la taille des cellules infectées (cytomégalie) (66). Ils sont aussi capables 
d’induire une infection latente dans les glandes sécrétoires, les cellules lymphoréticulaires, les 
cellules rénales et d’autres tissus. Cette sous-famille comprend quatre genres à 
savoir Cytomegalovirus, Muromegalovirus, Proboscivirus et Roseolovirus (64, 66, 70).  
La sous-famille des Gammaherpesvirinae regroupe des virus caractérisés aussi par un 
nombre restreint d’hôtes qu’ils peuvent infecter. Ils sont tous capables de se répliquer dans les 
cellules lymphoblastiques in vitro tandis que quelques-uns seulement peuvent induire une 
infection lytique dans des lignées cellulaires fibroblastiques ou épithéliales et selon le genre, ils 
peuvent infecter les lymphocytes T et B et induire des infections latentes dans les tissus 
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lymphoïdes (66). Cette sous-famille comprend quatre genres à savoir Lymphocryptovirus, 
Macavirus, Percavirus et Rhadinavirus. Certains virus de cette sous-famille se distinguent par 
leur pouvoir oncogène (KSHV) (64, 66, 70). 
La famille des Herpesviridae regroupe aujourd’hui plus de 200 virus différents dont 
seulement neuf sont connus pour causer des maladies chez les humains, c’est pourquoi on les 
qualifie de virus herpétiques humains (HHV) (72). Dans la sous-famille des 
Alphaherpesvirinae, on retrouve les deux virus herpétiques humains 1 et 2 (HHV-1 et HHV-2) 
plus connus sous les noms de virus herpès simplex de type 1 et 2 (VHS-1 et VHS-2) causant 
l’herpès buccal et l’herpès génital respectivement. On retrouve aussi le virus herpétique humain 
3 (HHV-3) plus connu sous le nom de virus varicelle-zona (VZV) causant la varicelle et le zona 
(66, 72). Dans la sous-famille des Betaherpesvirinae on retrouve les virus herpétiques humains 
5, 6A, 6B et 7 (HHV-5, HHV-6A, HHV-6B, et HHV-7). Le HHV-5 est plus connue sous le 
nom de cytomégalovirus (CMV) causant plusieurs infections opportunistes chez les personnes 
immunodéprimées. Les HHV-6A, HHV-6B et HHV-7 sont phylogénétiquement plus proches 
et causent la roséole (66, 72). Dans la sous-famille des Gammaherpesvirinae, on retrouve les 
virus herpétiques humains 4 et 8 (HHV-4 et HHV-8) plus connus sous les noms de virus 
d'Epstein-Barr (EBV) et herpèsvirus associé au sarcome de Kaposi (KSHV) respectivement. Le 
virus d'Epstein-Barr (EBV) cause la mononucléose infectieuse hétérophile-positive alors que 
l’herpèsvirus associé au sarcome de Kaposi (KSHV) cause le sarcome de Kaposi et d’autres 





Tableau 1: Principales manifestations cliniques associées aux virus de la famille des 
Herpesviridae. 
Adapté de Fields Virology (66). 
 
I.1.3 Épidémiologie et pathologies associées au virus herpès simplex de type 1 
I.1.3.1 Épidémiologie 
Le VHS-1 est un agent infectieux hautement contagieux et endémique constituant un 
véritable problème de santé mondiale. On compte actuellement plus de 3,7 milliards de 
personnes de moins de 50 ans, soit 67% de la population mondiale qui sont infectées par le 
VHS-1 avec une haute prévalence en Afrique et au sud-est de l’Asie (72, 73). La transmission 
se fait principalement par le contact direct avec les surfaces muqueuses d’une personne portant 
le virus à une personne saine (73). Les personnes portant le virus sont souvent asymptomatiques 
lors de la période de la latence, mais peuvent cependant présenter des périodes de réactivation 
accompagnées par des manifestations de sévérité variable (74). Toutefois, dans certains cas les 








Alphaherpesvirinae     
    Simplexvirus 
Virus Herpès Simplex de type 1 (VHS-1) HHV-1 Infections orolabiales, infection oculaire et encéphalites 
Virus Herpès Simplex de type 2 (VHS-2) HHV-2 Lésions génitales et anales et infections néonatales 
    Varicelovirus Virus Varicelle-zona (VZV) HHV-3 Varicelle et zona 
 
   
Betaherpesvirinae  
   
    Cytomegalovirus 
Cytomégalovirus (HCMV) HHV-5 Mononucléose, rejet de greffe et rétinite 
    Roseolovirus 
Herpesvirus humain 6 A/B (HHV-6A, HHV-6B) - Roséole, encéphalite, mononucléose, pneumonie, néoplasie et sclérose 
Herpesvirus humain 7 (HHV-7) - Roséole, encéphalite, mononucléose et syndrome de fatigue chronique 
 
   
Gammaherpesvirinae  
   
    Lymphocryptovirus 
Virus d'Epstein-Barr (EBV) HHV-4 Mononucléose, lymphome de Burkitt 
    Rhadinovirus 
Virus Herpès associé au Sarcome de Kaposi (KSHV) HHV-8 Sarcome de Kaposi, Hyperplasie géante 
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I.1.3.2 Pathologies associées au virus herpès simplex de type 1 
I.1.3.2.1 Herpès néonatal 
L'herpès néonatal est la conséquence clinique directe la plus grave de l'infection par le 
VHS-1. Il résulte habituellement d'une exposition au VHS-1 ou VHS-2 dans le tractus génital 
pendant l'accouchement, bien que des infections in utero et postnatales puissent survenir. 
L'herpès néonatal a une mortalité élevée, avec un taux de létalité estimé à 60% sans traitement. 
La morbidité est également élevée, souvent sous la forme d'incapacités neurologiques à long 
terme, quel que soit le traitement (75, 76). À l'échelle mondiale, environ 14 000 cas d'herpès 
néonatal ont été signalés chaque année entre 2010 et 2015 (75, 76). Les estimations globales 
pourraient sous-estimer le nombre de cas dans les milieux à faibles ressources, où les taux de 
césariennes peuvent être plus faibles et où la prévalence du VIH est plus élevée (76).  
I.1.3.2.2 Herpès oculaire 
Les infections de l'œil par le VHS-1 sont la principale cause de cécité cornéenne 
infectieuse dans les pays développés (77). Environ 500 000 personnes aux États-Unis sont 
actuellement infectées par le VHS oculaire (77-79). Les infections peuvent survenir dans les 
segments antérieurs et postérieurs de l'œil (blépharite, conjonctivite), mais le plus souvent 
l'épithélium cornéen (Kératite) ou même l’iris (iridocyclite) (77, 78). Alors que la plupart des 
infections sont unilatérales, environ 1,3% à 12% des personnes touchées ont des infections 
oculaires bilatérales. Les infections bilatérales sont surtout observées chez les patients 
immunocompromis (77-79). Dans certains cas de réactivation, les lésions sont tellement 
importantes qu’elles provoquent une détérioration de la cornée nécessitant l’intervention 





I.1.3.2.3 Herpès mucocutané 
Les boutons de fièvre également connus sous le nom de feu sauvage sont les 
manifestations cliniques les plus marquantes des infections par le VHS-1. Le contact intime 
entre une personne qui excrète activement le virus et un individu qui est susceptible est 
nécessaire pour que l'infection se produise. Le contact doit impliquer une peau abrasée ou des 
muqueuses. Le virus envahit les cellules épidermiques et dermiques et se déplace vers les 
neurones sensoriels (ganglion de la racine dorsale) où la latence est établie. Le virus se réactive 
dans le ganglion trigéminal et se déplace le long des axones pour rejoindre ainsi le site épithélial 
de l’infection où la réplication virale a lieu. Ce processus entraînant des poussées récurrentes. 
Les éclosions sont souvent induites par l'exposition à la lumière ultraviolette (lumière du soleil 
et/ou lits de bronzage), au stress, au rhume, à la fatigue, à la fièvre (d'où le terme "bouton de 
fièvre"), ou trauma de lèvre. La réactivation se manifeste par un groupe de vésicules sur une 
base érythémateuse douloureuse autour des lèvres ou même dans d’autres emplacements dans 
le corps (3, 80). 
I.1.3.2.4 Encéphalite herpétique 
Le VHS est la cause la plus fréquemment identifiée d'encéphalite aiguë et focale 
sporadique (81, 82). Sans traitement, la mortalité peut atteindre 70% contre 30% avec un 
traitement adéquat et des séquelles neurologiques fréquentes, même dans les cas traités (81, 
82). On estime qu'environ les deux tiers des cas d'encéphalites à VHS surviennent à la suite 
d'une réactivation plutôt que d'une infection primaire (81, 82). D’autres manifestations cliniques 
associées aux encéphalites sont nombreuses et incluent la fièvre, une altération de la conscience, 
un comportement anormal de même que des désordres neurologiques localisés (81, 82). La prise 
en charge initiale est difficile, car la thérapie précoce est essentielle dans un contexte où les 
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infections intracrâniennes graves sont causées presque exclusivement par des espèces 
bactériennes iatrogènes (81, 82). 
I.1.3.2.5 Paralysie de Bell 
On pense que la paralysie de Bell est causée par une inflammation du nerf facial au 
niveau du ganglion géniculé, ce qui entraîne une compression et une ischémie et une 
démyélinisation possible (83-85). Ce ganglion se trouve dans le canal facial à la jonction des 
segments labyrinthique et tympanique, où le nerf se courbe brusquement vers le foramen 
stylomastoïdien. Classiquement, la paralysie de Bell a été définie comme idiopathique, et la 
cause du processus inflammatoire dans le nerf facial reste incertaine. Récemment, l'attention 
s'est portée sur l'infection par le VHS-1 comme une cause possible, car la recherche a trouvé 
des titres élevés du virus ainsi que son ADN dans le liquide endoneurial du nerf facial et du 
muscle auriculaire postérieur chez des patients atteints de paralysie de Bell pendant la chirurgie 
décompressive (83-85). 
I.1.3.2.6 Maladie d’Alzheimer 
La maladie d'Alzheimer est la forme la plus fréquente de trouble neurocognitif majeur 
sans traitement efficace disponible (86, 87). Les signes pathologiques de l'Alzheimer sont des 
plaques séniles composées de dépôts de peptides bêta-amyloïdes (Aβ) et d'enchevêtrements 
neurofibrillaires composés de protéine tau hyperphosphorylée (pTau) dans le cerveau, ainsi que 
la dégénérescence et la perte de neurones caractérisées par une perte progressive et irréversible 
de la mémoire et des difficultés d'apprentissage (86, 88-93). C'est la sixième cause de décès aux 
États-Unis, qui touche principalement les personnes âgées de 65 ans et plus (94). Le nombre de 
patients est estimé à plus de 46 millions dans le monde et il est prévu que ce nombre atteindra 
131,5 millions d'ici 2050 (94). Au Canada, on compte plus de 560 000 personnes atteintes de 
démence avec près de 25 000 nouveaux cas chaque année (95). Plusieurs recherches récentes 
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soulèvent un rôle majeur d'infections du système nerveux central dans la maladie d'Alzheimer 
notamment les infections par le VHS-1(96-101). Des recherches indiquent que le virus est 
présent sous une forme latente chez une proportion élevée de patients atteints d’Alzheimer et 
que de l’ADN viral est associé aux plaques amyloïdes (Aβ)(102). La réactivation conduisant à 
une infection productive caractérisée par une action virale directe et/ou une réponse 
inflammatoire (103). L’aspect récurrent de la réactivation pourrait avoir un effet cumulatif, 
menant éventuellement à la maladie d'Alzheimer. Une étude en 2011 a démontré une interaction 
dynamique entre ces capsides nouvellement formées et la protéine précurseur de l'amyloïde 
« Amyloid Precursor Protein » APP (104). D’autres études ont révélé que le VHS-1 causait le 
dépôt de β-amyloïde (Aβ) (105-108). La protéine tau serait aussi phosphorylée sous l’effet de 
VHS-1 pour donner la forme hyperphosphorylée de tau (pTau) dans les neurones de souris 
infectées ou même des cellules en culture (109-112).  
I.1.3.2.7 Herpès et patients immunodéficients ou immunodéprimés  
Les infections opportunistes sont plus fréquentes dans les pays en cours de 
développement, mais surtout chez les personnes souffrant du syndrome d'immunodéficience 
acquise (SIDA) ou ceux immunodéprimés ayant subi des interventions chirurgicales de greffe 
d’organes. Parmi ces infections opportunistes, on retrouve celles associées à VHS-1 ou VHS-2 
et les interactions entre le VIH et le VHS sont de plus en plus détectables (113, 114). Des 
manifestations plus graves et systémiques de l'infection à VHS comme l'œsophagite, la 
méningoencéphalite, l'hépatite, la pneumonie et la nécrose rétinienne, sont toutes capables de 
se manifester chez les personnes à un stade avancé du SIDA (115, 116). Des études ont montré 
que la réactivation du VHS-1 active les lymphocytes CD4+ qui deviennent des nouvelles cibles 
pour le VIH (115, 117). L'infection par le VHS-1 favorise également l'excrétion génitale du 
VHS-2, qui, à son tour, génère un afflux de cellules T activées qui servent de nouvelles cibles 
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cellulaires pour la réplication du VIH (115, 118). Chez les receveurs de greffe d'organe, 
l'acquisition d'une infection au VHS à partir d'un organe transplanté a été rapportée. Ces patients 
peuvent développer une maladie progressive impliquant les voies respiratoires, l'œsophage ou 
même le tractus gastro-intestinal. Dans certains cas, l’infection au VHS-1 causait le rejet de 
greffe de foie (119, 120).  
I.1.4 Traitement et prévention 
Les infections dues au VHS-1 constituent un problème de santé majeur et ont suscité 
beaucoup d’intérêt pour le développement de plusieurs thérapies, notamment la chimiothérapie 
antivirale qui a commencé il y a plus de 40 ans avec le développement du premier agent antiviral 
démontrant beaucoup de succès chez les personnes souffrant d’encéphalite herpétique. Sauf que 
l’agent en question (la vidarabin) était à la fois difficile à administrer et accompagné de toxicité 
(2, 51). Puis un nouvel agent ciblant juste les cellules infectées présentant donc moins de 
toxicité fut développé en 1977 par la biochimiste Gertrude Elion (52-54). D’autres agents 
antiviraux plus sélectifs avec un succès incontestable ont vu le jour par la suite. De nos jours, 
les agents antiviraux utilisés dans la lutte contre le VHS-1 se répartissent en trois catégories : 
Les analogues nucléosidiques (acyclovir, valacyclovir, penciclovir, famciclovir), les analogues 
nucléotidiques (cidofovir, adéfovir) et les analogues des pyrophosphates (foscarnet). Toutefois, 
aucun des agents ne permet l’élimination complète du virus qui ne cesse de développer des 
mécanismes de résistance lui permettant de les contourner (121, 122).  
L’acyclovir (ACV) et ses dérivés d’analogues nucléosidiques sont devenus les 
médicaments de première ligne pour le traitement des infections à VHS (121, 123, 124). L'ACV 
est un analogue de la guanosine qui doit être triphosphorylé pour être actif (124). Lors de son 
entrée dans les cellules infectées, la première étape de phosphorylation est réalisée 
principalement par la thymidine kinase (TK) codée par le virus ce qui cible spécifiquement les 
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cellules infectées. Cette étape est suivie par deux phosphorylations supplémentaires réalisées 
successivement par la GMP kinase et la nucléoside diphosphate kinase cellulaires de l’hôte 
(125, 126). L'ACV-triphosphate (ACV-TP) agit comme substrat à la réaction de l'ADN 
polymérase virale (ADN pol) et s’incorpore dans l'ADN à son extrémité 3' empêchant ainsi 
l'allongement de la chaîne (127-129). In vitro, l'ACV est le plus puissant contre le VHS-1 (124). 
Or, sa limitation majeure réside dans sa biodisponibilité orale relativement faible ce qui a 
conduit au développement du valacyclovir (VACV) qui est une forme L-valyl-ester d'acyclovir 
(130). Après administration orale, le VACV est rapidement converti en ACV par hydrolyse de 
l'ester dans l'intestin grêle augmentant ainsi la biodisponibilité de l'ACV (124, 131). Du fait que 
l’ACV dépend de la TK virale pour l’activation, on retrouve le développement d’une résistance 
par l’introduction de mutations dans la TK virale, et dans quelques cas, des mutations dans 
l'ADN polymérase virale aussi (132, 133). 
Contrairement à l’acyclovir, le cidofovir qui est un analogue acyclique de la cytidine 5' 
monophosphate ne nécessite pas de conversion par la TK pour être transformé en une forme 
active ciblant ainsi même les souches TK-négatives ou ayant muté la TK pour développer une 
résistance (121, 124). Il est phosphorylé par les kinases cellulaires pour adopter la forme active 
en CDV-diphosphate (124). Les formes actives sont des inhibiteurs compétitifs de l'ADN 
polymérase virale bloquant ainsi la synthèse de l'ADN (124, 134). Le traitement par le cidofovir 
pourrait engendrer de la toxicité rénale parfois irréversible entraînant une insuffisance rénale 
nécessitant une dialyse pour éviter la mort (135). 
Le foscarnet (FOS) est un analogue pyrophosphate qui inhibe l'ADN viral en imitant la 
structure du pyrophosphate produit au cours de l'allongement de l'ADN (124, 136). FOS ne 
nécessite pas de phosphorylation par des kinases virales et cellulaires et agit comme un 
inhibiteur non compétitif de l'activité de l'ADN polymérase virale en se liant au site de liaison 
16 
 
pyrophosphate sur l'ADN polymérase et bloquant la libération de pyrophosphate du nucléoside 
triphosphate terminal ajouté sur la chaîne d'ADN en croissance (124). Le traitement par le 
foscarnet peut être associée à une toxicité rénale, un déséquilibre ionique et un risque d'anémie 
(137).  
Les traitements disponibles jusqu’à ce jour ciblent principalement la réplication du virus 
mais ne permettent pas de l’éliminer complètement. A cela, s’ajoute le problème de la résistance 
dû aux mutations dans les gènes de la TK et/ou de l'ADN polymérase (121, 124). Il est très 
important que la recherche scientifique sur le VHS-1 converge vers le développement de 
nouvelles sortes de médications ciblant d’autres étapes du cycle viral et permettant une 
élimination du virus.  Mais le plus important serait le développement de vaccins 
prophylactiques ou thérapeutiques. Le développement de tels vaccins permettrait de renforcer 
la réponse immunitaire et cibler le virus soit au début de son entrée pour les primo-infections 
ou bien lors de la latence pour empêcher sa réactivation (138). Les principales recherches pour 
des vaccins impliquent l’utilisation de virus inactivés, de vecteurs viraux recombinants ou 
encore des virus like particules (VLPs) (139). Les vaccins thérapeutiques les plus promoteurs 
actuellement en développement préclinique ou clinique prenant en charge les infections au 
VHS-1 sont basés sur la glycoprotéine gD adjuvantée avec des sous unités ou des fragments de 




I.2 Architecture structurale et composition du virus herpès 
simplex de type 1 
A l’instar des autres virus herpétiques, le VHS-1 partage les mêmes caractéristiques 
morphologiques distinctives des herpèsvirus à savoir un core d’une seule copie d’ADN linéaire 
double brin de 125-295 kilopaires de bases (kpb) empaqueté à une haute densité dans une 
capside icosaèdrale de 100-130 nm, une couche de protéines appelée tégument entourant la 
capside et une enveloppe lipidique riche en glycoprotéines virales (63-67). (Figure 2). 
Le VHS-1 est composé d’un core d’ADN linéaire double brin empaqueté à une haute densité dans une 
capside icosaèdrale de 100-130 nm d’où la couleur noire dans l’image de microscopie électronique, une 
couche de protéines appelée tégument entourant la capside et une enveloppe lipidique cloutée par des 
glycoprotéines virales. Adapté de Fields Virology (66) et de Ke Lan et al (143). 
 
I.2.1 Le génome viral 
Le génome du VHS-1 est un ADN double brin linéaire fermement empaqueté dans un 
état liquide-cristallin sous la forme d'une hélice torsadée dont les brins sont espacés d'environ 
2.6 nm  (144-146). Le séquençage du génome viral complet indique une taille totale de 152 261 
paires de bases (pb) avec un C+G de 68.3% (147-157). Il contient 90 cadres de lecture ouverts 
(open reading frame; ORF) codant pour au moins 84 protéines différentes (3). Le génome viral 
s’organise en deux segments nommés selon leurs longueurs et liés de façon covalente. Ces 
Figure 2 : Structure et composition du VHS-1.  
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segments sont appelés unique long (UL ; unique long) faisant 108 kpb et unique court (US ; 
unique short) faisant 13 kpb et sont flanquées par des séquences répétées a, b, c désignées TR 
(terminal repeats) ou répétitions terminales et IR (inverted repeats) ou répétitions inversées (3, 
145, 158, 159). Le segment unique long (UL) est flanqué par les répétitions ab et b’a’ alors que 
le segment unique court (US) est flanqué par les répétitions a’c’ et ca (3, 145, 158, 159). Chaque 
segment contient des gènes qui portent le nom du segment en plus d’un chiffre désignant la 
position du gène dans le génome. Ainsi, le segment UL contient 56 gènes nommés UL1 à UL56, 
le segment US contient 12 gènes nommés US1 à US12, les séquences longues répétées RL 
contiennent 2 gènes nommés RL1 et RL2 et les séquences courtes répétées RS contiennent un 
seul gène nommé RS1 (3, 145, 158, 159). Ces gènes codent pour des protéines qui sont classées 
en trois groupes selon la chronologie de la transcription de leurs gènes : (α) pour les gènes 
immédiats précoces (2 à 4 h post-infection), (β) pour les gènes précoces (4 à 8 h post-infection) 
et (γ) pour les gènes tardifs (> 8 h post-infection)(160). Les séquences répétées a sont situées 
aux extrémités des segments UL et US ainsi qu’à la jonction entre les deux segments, et varient 
en orientation et en nombre de copies en fonction de leur position dans le génome, mais aussi 
d’une souche virale à une autre (3, 161). Les séquences répétées a sont hautement conservées 
et interviennent dans le clivage et l'encapsidation de l'ADN viral (3, 145, 162, 163). On trouve 
trois origines de réplication de l’ADN dans le génome du VHS-1 nommées OriL et OriS selon 
la région dans laquelle elles sont localisées UL et US respectivement. Ainsi on retrouve une 
seule copie de OriL au milieu du segment UL et 2 copies de OriS dans les répétitions c flanquant 
le segment US (3, 159, 164). Le génome du VHS-1 subit des inversions génomiques durant la 
réplication dans lesquelles les segments uniques longs (UL) et uniques courts (US) sont inversés 
les uns par rapport aux autres pour donner quatre isomères dans des concentrations équimolaires 
(165-169) (Figure 3).  
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Les origines de réplication de l’ADN OriL et OriS contiennent toutes les deux une région 
riche en adénine et thymine (A/T) flanquée par des sites (BOX) de fixation de la protéine UL9 
qui se lie à l’origine de réplication de l’ADN (OBP « origin-binding protein ») (164). OriS 
contient une séquence palindromique imparfaite de 45 pb dans laquelle la région riche en A/T 
est flanquée de deux sites de fixation de UL9 (BOX I et BOX II) (164). Il existe aussi un 
troisième site de fixation ayant une affinité plus faible (BOX III) adjacent à BOX I (164). OriL 
contient une séquence palindromique parfaite de 144 pb qui comprend quatre sites de 
reconnaissance pour UL9. Il semble aussi que OriL et OriS, codent pour des micro ARN 
(miARN) (164, 170). 
Une liste complète des gènes et des protéines virales codées par le génome du VHS-1 
est présentée en annexe (Annexe 1). 
TRL, régions terminales répétées longues ; UL, région unique longue ; IRL, régions internes répétées 
longues ; IRS, régions internes répétées courtes ; US, région unique courte ; TRS, régions terminales 
répétées courtes, Ori ; origine de réplication. Pendant l'infection, les deux régions uniques s'inversent 
l'une par rapport à l'autre. Les flèches reflètent les orientations possibles des segments UL et US à la 
suite de l'inversion génomique. Adapté de Fields Virology (3), Kennedy et al (159) et de Weir (171). 
Figure 3: Organisation du génome du VHS-1. 
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I.2.2 La capside 
La capside a une forme icosaèdrale (T = 16) avec une taille d’environ 125 nm de 
diamètre (145, 172-174). Elle est formée de 161 capsomères divisés en 150 hexamères (hexons) 
et 11 pentamères (pentons) (145, 172-176). Les pentons et les hexons sont composés 
respectivement de cinq et six copies de la protéine majeure de la capside VP5 (UL19) (3, 145, 
158, 175). A la pointe de chaque protéine VP5 de chaque hexon on retrouve une copie de la 
protéine VP26 (UL35) (il y a environ 900 copies par capside) (145, 175-177). Les capsomères 
sont reliés entre eux par des triplex dont chacun est composé d'une copie de la protéine VP19C 
(UL38) et de deux sous-unités de VP23 (UL18) et dans chaque capside on trouve 320 triplex (3, 
145, 175). En plus des pentons et des hexons, la protéine pUL6 forme un complexe 
dodécamérique (12 copies) sous forme de cylindre nommé portal permettant l’internalisation 
ou la libération de l’ADN viral (176, 178-181). La partie externe du portal est couronnée par la 
protéine UL25 formant un bouchon (182). Toutefois, la fixation de cette protéine nécessite la 
présence de la protéine pUL17 avec laquelle elles forment un hétérodimère impliqué dans 
l’encapsidation de l’ADN viral nommé le composant spécifique du vertex de la capside (CVSC) 
(145, 178, 182-187) (Figure 4). 
La capside virale est composée majoritairement par quatre protéines virales VP5(UL19), VP26 (UL35), 
VP23 (UL18) et VP19C (UL38) avec quelques copies de pUL6, pUL17 et pUL25. Le complexe portal 
occupe un sommet unique de penton et sert pour l'assemblage de la capside et pour permettre l'entrée et 
la sortie du génome viral. Les hexons sont coiffés par VP26, tandis que les pentons se lient à la protéine 
du tégument pUL36, qui interagit avec pUL25 pour former ensemble, avec pUL17, le CVSC. Les 
complexes triplex relient les capsomères entre eux. Adapté de Heming et al (145). 
Figure 4: Structure et organisation de la capside du VHS-1 
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I.2.3 Le tégument 
Le tégument est un réseau très dense et très complexe comprenant des milliers de copies 
de protéines de différentes tailles reliant la capside à l’enveloppe virale. L'analyse protéomique 
des virions extracellulaires par spectrométrie de masse a identifié 23 protéines virales 
constituant le tégument, mais en trouve aussi quelques 49 protéines cellulaires incluant des 
protéines impliquées dans le trafic cellulaire et l'exocytose, en particulier des membres des 
familles Annexin et Rab GTPase dont la déplétion par des ARN interférents (siRNA) réduit 
significativement l’entrée et la réplication (188, 189). Les protéines du tégument varient en 
taille et en abondance, la plus petite protéine pUL11 est estimée à environ 10,5 kDa et la plus 
grande pUL36 (VP1/2) à environ 330 kDa (190). Les protéines du tégument les plus abondantes 
sont pUL47 (VP13/14), pUL48 (VP16) et pUL49 (VP22). Ces deux dernières sont présentes en 
grand nombre de copies par particules virales et leur stœchiométrie est très variable d’une 
particule à une autre (190, 191). 
Les protéines du tégument se répartissent en deux classes selon la difficulté à les extraire 
des virions matures avec le détergent Triton X-100 ou en utilisant des concentrations variées de 
sels (NaCl). Ainsi, celles qui sont relativement faciles à extraire sont considérées des protéines 
du "tégument externe" et les plus résistantes à extraire sont considérées des protéines du 
"tégument interne". Les protéines du tégument interne sont étroitement associées ou 
interagissent directement avec la capside tandis que les protéines du tégument externe sont 
étroitement associées ou interagissent directement avec l'enveloppe virale (190, 192-196). Ces 
protéines assurent plusieurs fonctions très importantes durant le cycle viral. Elles entrent dans 
la cellule hôte dès la fusion de l’enveloppe virale avec la membrane cytoplasmique et assurent 
un certain nombre de fonctions structurales et non structurales commençant par le transport des 
capsides vers le noyau, le recrutement de moteurs moléculaires cellulaires, la régulation de 
l'expression des gènes viraux et cellulaires, et l'assemblage des virions durant la sortie (190, 
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194, 197, 198). Alors que la plupart des protéines du tégument externe diffusent dans le 
cytoplasme directement après la fusion de l’enveloppe virale avec la membrane plasmique lors 
de l’entrée, les protéines du tégument interne telles que pUL36 et pUL37, qui interagissent 
ensemble, restent étroitement liées à la capside et assurent son transport vers le noyau et son 
association au complexe de pores nucléaires « Nuclear pore complexes » (NPC) ainsi que 
l’injection de l’ADN viral (194, 199). Ces mêmes protéines vont assurer le transport des 
capsides nouvellement formées, lors de la sortie du noyau, vers le site d’enveloppement final 
(200). Après l’injection de l'ADN viral dans le noyau, la protéine tégumentaire VP16 initie la 
transcription des gènes immédiats-précoces ICP0, ICP4, ICP22, ICP27 et ICP47 (199). ICP0 
module les réponses innées et intrinsèques de l'hôte à l'infection (201, 202). Elle interagit 
également avec la protéine de la leucémie pro-myélocytaire, « Promyelocytic leukemia » 
(PML) aussi connue sous le nom de domaine nucléaire 10 « Nuclear domain 10 » (ND10), et 
induit la dissociation de cette dernière par le biais de l’activité d'ubiquitine ligase E3 empêchant 
ainsi la capacité de PML à bloquer l'expression des gènes viraux (201, 202). ICP0 cible 
plusieurs protéines cellulaires et virales pour la dégradation induite par le protéasome (203). La 
protéine ICP0 a aussi la capacité de bloquer la réponse antivirale induite par les interférons au 
cours des premiers stades de l'infection grâce à l'inhibition spécifique de la réponse cellulaire 
médiée par les facteurs 3 et 7 de l'interféron (IRF3 et IRF7) (199, 204, 205). La protéine ICP4 
se lie à l’ADN viral et module la réplication et la transcription. Elle peut moduler son propre 
promoteur ainsi que les promoteurs associés à la latence (199, 206). Les protéines UL31, Us3, 
ICP34.5, UL36, UL37, UL51, UL11, UL20, UL46, UL47, UL48 et UL49 sont requis lors de la 
sortie du virus du noyau vers le cytoplasme jusqu’au TGN ainsi que lors de l’enveloppement 
(199).  
Plus de détails sur le rôle des protéines du tégument et le processus de tégumentation 
seront donnés plus loin lors de la description du cycle viral. 
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I.2.4 L’enveloppe virale 
L’enveloppe, qui recouvre le tégument, est une bicouche lipidique dans laquelle des 
glycoprotéines virales sont ancrées. Ces glycoprotéines virales jouent un rôle dans la fusion et 
l’entrée du virus dans la cellule hôte et également dans la propagation du virus d’une cellule à 
une autre. Les lipides de l’enveloppe proviennent essentiellement des membranes des 
compartiments de la cellule hôte (207). L’enveloppe contiendrait 12 glycoprotéines virales : 
gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL, gM, et gN et 5 protéines virales membranaires non 
glycosylées pUL20, pUL43, pUL45, pUL56 et pUS9 qui seraient présentes dans la partie 
intrinsèque de la bicouche lipidique de l’enveloppe (3). Les glycoprotéines ne sont pas toutes 
essentielles pour la réplication du virus, cependant elles assurent plusieurs fonctions durant le 
cycle viral et la neurovirulence (208-213). Les glycoprotéines gB, gC, gD et gH, qui forment 
un complexe avec gL, sont impliquées dans l’entrée du virus dans la cellule par un mécanisme 
de fusion (214). La glycoprotéine gE forme aussi un hétérodimère avec la glycoprotéine gI. Ce 
complexe est capable de se lier à la fraction Fc de l’immunoglobuline G (IgG) favorisant ainsi 
l’évasion au système immunitaire de l’hôte (215-218).  
I.3 Cycle de réplication du virus herpès simplex de type 1 
Le cycle viral du VHS-1 est caractérisé par son mode d’infection bimodal où le virus va 
osciller entre 2 types de cycles d’infection bien distincts : un cycle lytique dans les cellules 
épithéliales durant lequel tous les gènes viraux sont exprimés et un cycle latent dans les 
neurones durant lequel l’ADN viral persiste sous forme épisomale et les gènes viraux sont 
réprimés à l'exception des ARN non codants connus sous le nom de transcrits associées à la 
latence « latency-associated transcript » (LAT) (219, 220). L’orientation de l’infection vers un 
cycle lytique ou latent dépend de la réaction du virus face à la réponse de la cellule hôte, qui 
condense la chromatine autour de l’ADN viral nu dès son injection dans le noyau afin de 
bloquer la transcription des gènes viraux (221). 
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I.3.1 L’infection lytique 
Le cycle lytique du VHS-1 peut être divisé en quatre étapes majeures :  l'entrée dans la 
cellule hôte, l'expression des gènes viraux, la réplication de l’ADN viral puis l'assemblage et la 
sortie de particules virales nouvellement formées. Le cycle lytique prend environ 18-20 h (3, 
222) (Figure 5).  
Toutes ces étapes seront discutées plus en détail dans les prochaines sections. 
 
Fixation du virus sur la membrane plasmique et internalisation soit par fusion de l'enveloppe virale avec 
la membrane plasmique (1a) ou par endocytose (1b) libérant ainsi la capside et les protéines de tégument 
dans le cytoplasme. 2 : Transport de la capside vers les pores nucléaires et injection de l'ADN viral dans 
le noyau. 3 : Dégradation des ARN messagers de l'hôte par la protéine vhs. 4 : La protéine 
transactivatrice VP16 se dirige vers le noyau pour la transcription des gènes α. 5 : circularisation de 
l'ADN viral. 6 : Démarrage de la transcription par l'ARN polymérase II de l’hôte. 7 : Les protéines α 
activent la transcription des gènes β. 8 : Les protéines β sont impliquées dans la réplication de l'ADN 
viral. 9 : L'expression des gènes γ stimule la synthèse de l'ADN viral. 10 : Assemblage de la capside 
dans le noyau. 11 : Encapsidation de l’ADN viral. 12 : Sortie. Adapté de Fields Virology (3). 
 
Figure 5: Cycle de réplication lytique de VHS-1. 
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I.3.1.1 L’attachement et l’entrée du virus 
Le VHS-1 a la capacité d'entrer dans les cellules en utilisant plusieurs voies selon des 
cellules hôtes ciblées (3, 223). Ainsi, l’entrée dans les cellules Vero, Hep2 et les cellules 
neuronales se fait par la fusion de l’enveloppe virale avec la membrane plasmique (3, 223, 224). 
L'entrée du virus dans les cellules Vero par fusion entraîne une augmentation de la 
concentration intracellulaire de calcium (3, 225). Lorsqu’il s’agit des cellules HeLa, les CHO-
K1 (« Chinese hamster ovary » ovaires du hamster de Chine) et les kératinocytes, le virus 
emprunte la voie de l’endocytose dépendante du pH (3, 226-228). Cependant, dans le cas des 
cellules de mélanome de souris B78H1, le virus emprunte plutôt la voie de l’endocytose 
indépendante du pH (229).  
Cinq glycoprotéines virales sont impliquées dans le processus de l'entrée du virus: gB, 
gC, gD, et l’hétérodimère gH/gL (230-233). L'attachement du virion à la surface cellulaire est 
médié par gC et gB, qui interagissent avec les glycosaminoglycanes ou héparane sulfate 
protéoglycanes (HSPG) de la surface cellulaire, en particulier le sulfate d'héparane (222, 234). 
Cependant, bien que la fixation du virus à la surface des cellules montre une forte dépendance 
aux interactions de gB et gC avec l’héparane sulfate, des études ont également montré que les 
cellules déplétées pour l’héparane sulfate sont toujours sensibles à l'infection et conservent la 
capacité de lier la gB soluble (230, 235-237). La gB agit également comme un ligand pour le 
PILR-α (récepteur α couplé à l’immunoglobuline de type 2 « paired immunoglobulin-like type 
2 receptor ») (230, 238). C’est l'interaction entre quatre glycoprotéines, gD, gB et 
l'hétérodimère gH / gL, qui est requise pour l'entrée du virus dans la cellule hôte (222, 239, 
240). La glycoprotéine gD peut se lier aux récepteurs : la nectine-1 et la nectine-2, le médiateur 
d'entrée du virus de l'herpès (HVEM « herpesvirus entry mediators ») et l'héparane sulfate 3-
O-sulfaté (3-O-S-HS). La région N-terminale de la gD interagit avec les récepteurs cellulaires 
induisant des changements conformationnels dans gD et la libération de son domaine C-
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terminal, qui active les complexes gB et gH / gL, déclenchant ainsi la fusion membranaire (222, 
230, 239, 241)(Figure 6). 
L’attachement du VHS-1 implique cinq glycoprotéines: gB, gC, gD, et l’hétérodimère gH/gL. 
L’attachement est initié par gB et gC puis stabilisé par gD qui subit un changement conformationnel 
déclenchant la fusion de l’enveloppe virale avec la membrane plasmique via l’activation de gB et du 
complexe gH/gL. Adapté de Sedy et al (214). 
 
I.3.1.2 Le transport du virus au noyau  
Directement après la fusion de l’enveloppe virale avec la membrane plasmique, la 
grande majorité des protéines du tégument se dissocient de la capside et certaines d’entre elles 
(VP1/2, VP13/14, VP16 et VP22) vont être phosphorylées par les kinases virales et/ou 
cellulaires (242-247). Les protéines tégumentaires VP1/2 (UL36), pUL37 (UL37) et VP11/12 
(UL46), restent associées à la capside (193, 245-248). Le complexe pUL36/pUL37, s’associe aux 
moteurs moléculaires kinésines et dynéine qui se trouvent aux extrémités des microtubules pour 
assurer le transport antérograde ou rétrograde respectivement des capsides (192, 193, 249-256). 
Les capsides vont être transportées jusqu’au noyau où elles vont se lier aux NPC. Les capside 
reste sur le côté cytoplasmique du NPC, tandis que l'ADN pénètre dans le noyau par 
translocation à travers les pores nucléaires (40, 257, 258). La protéine VP1/2 est nécessaire pour 
Figure 6 : Attachement et entrée du VHS-1. 
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la libération de l'ADN viral des capsides dans le noyau. Elle interagit avec la protéine de la 
capside pUL25 ainsi que la protéine du vertex portale de la capside pUL6 et la protéine du 
complexe CAN/Nup214 ce qui stimule la libération de l'ADN viral des capsides à travers les 
pores nucléaires dans le noyau des cellules nouvellement infectées (247, 259-262). 
Les autres protéines du tégument vont assurer d’autres fonctions permettant au virus de 
mieux se répliquer, et ce en détriment des fonctions cellulaires, telles que la protéine kinase 
pUS3 qui induit l’inactivation des facteurs pro-apoptotiques bloquant ainsi l’apoptose (263-
265). La protéine vhs (UL41) possède une activité endo-ribonucléase qui entrave l'expression 
des protéines cellulaires et virales en dégradant l'ARNm de l'hôte au cours des premiers stades 
de l'infection et l'ARNm viral plus tard dans l'infection (190, 266-268). La protéine ICP0 cible 
plusieurs protéines cellulaires et virales pour la dégradation induite par le protéasome 
permettant ainsi au virus d’échapper à l’immunité intrinsèque des cellules hôtes (199, 203-205).  
I.3.1.3 La cascade d’expression des gènes viraux  
La transcription et la réplication du génome viral ainsi que l'assemblage des capsides 
nouvellement formées ont lieu au noyau (222). Au cours de l'infection lytique, plus de 80 gènes 
viraux sont exprimés (3, 269). Cette expression est hautement régulée et se déroule en cascade 
de trois catégories de gènes dont les produits de chaque catégorie impactent l’expression des 
gènes de la catégorie suivante (3, 222, 269, 270) (Figure 7).  
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L’expression des gènes viraux se déroule de façon séquentielle et les produites de chaque catégorie de 
gènes impactent l’expression des gènes de la séquence suivante. Une fois dans le noyau, l’ADN viral 
est transcrit par l’ARN pol II de l’hôte en 5 catégories de gènes. Les gènes immédiats précoces (α), les 
gènes immédiats (β1 et β2) et les gènes tardifs (γ1 et γ2). Les gènes α (immédiats-précoces) sont 
exprimés en premier, suivis de β1 (précoces-précoces), β2 (tardifs-précoces), γ1 (pseudo-tardif) et γ2 
(tardif vrai). Adapté de Knipe et al (221) 
 
Une fois relâché dans le noyau, l’ADN viral s'associe rapidement aux histones après la 
condensation de la chromatine autour de lui afin de bloquer la transcription des gènes viraux 
(221, 271-273). Les quatre protéines virales VP16, ICP0, ICP8 et pUS3 semblent être 
impliquées dans la décondensation de la chromatine en favorisant des modifications actives sur 
les histones permettant ainsi le déclenchement de la transcription des gènes viraux (221, 274-
282). L’ADN viral est transcrit par l’ARN pol II de l’hôte dans un ordre chronologique en 5 
étapes qui impliquent les gènes immédiats précoces (α), les gènes précoces (β1 et β2) et les 
gènes tardifs (γ1 et γ2). Les gènes α (immédiats-précoces) sont exprimés en premier, suivis de 
β1 (précoces-précoces), β2 (tardifs-précoces), γ1 (pseudo-tardifs) et γ2 (tardifs vrais). Les gènes 
α (immédiats-précoces) codent pour 6 protéines : ICP0, ICP4, ICP22, ICP27, ICP47 et pUS1.5. 
Ces gènes qui sont les premiers à être exprimés n'exigent pas une synthèse préalable des 
Figure 7: Cascade d’expression des gènes viraux. 
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protéines virales, mais nécessitent tout de même la présence de la protéine VP16 (UL48) pour 
son activité transactivatrice. Les protéines α jouent un rôle important dans les premières étapes 
de l’infection notamment le contrôle et l’initiation de l’expression des autres gènes viraux, plus 
particulièrement, les gènes précoces grâce à leurs fonctions transcriptionnelles et post-
transcriptionnelles (3). Les gènes α contiennent plusieurs copies de la séquence consensus: 5'-
GyATGnTAATGArATTCyTTGnGGG-3' qui est le lieu de liaison du facteur de transcription 
cellulaire Oct-1 (222, 283).  La protéine VP16 interagit spécifiquement avec Oct-1 et se 
complexe interagi avec le facteur de cellule hôte 1 (HCF-1 « Host cell factor 1 ») ce qui active 
la transcription des gènes α (222). 
Les gènes β codent pour sept protéines (pUL5, pUL8, pUL9, pUL29, pUL30, pUL42 et 
pUL52) impliquées dans la synthèse et la réplication du génome viral (160, 269, 270, 284). La 
synthèse de cette catégorie de protéines nécessite la présence des protéines ICP4 et ICP0 (3). 
Les protéines produites suite à la traduction de gènes β provoquent un arrêt de la transcription 
des gènes α (3). Le déclenchement de la réplication de l’ADN viral provoque la diminution de 
l’expression des gènes précoces et l’augmentation de l’expression des gènes tardifs (3). 
Les gènes tardifs γ codent principalement pour les protéines nécessaires à 
l’empaquetage et à l’assemblage des capsides ainsi que les glycoprotéines de l’enveloppe virale 
et les protéines du tégument (3, 48, 270). Leur transcription requiert la présence des protéines 
virales ICP4, ICP0, ICP22, ICP27 et US1.5 ainsi que la réplication de l’ADN viral (3, 270, 285, 
286). 
I.3.1.4 La transcription et la réplication de l’ADN viral 
Parmi les protéines virales codées par le génome du VHS-1, sept assurent des fonctions 
essentielles à la réplication de l’ADN viral (3, 164, 222, 287). La protéine UL9 se lie à l’origine 
de réplication de l’ADN (OBP « origin-binding protein »)(164, 222, 287-291). La protéine 
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ICP8 (UL29) se lie à l’ADN simple brin et joue un rôle important dans la synthèse de l'ADN 
viral, le contrôle de l'expression des gènes viraux et la formation de sites pré-réplicatifs et de 
compartiments de réplication (164, 287, 292). Ensuite, il y a l’ADN polymérase virale avec ses 
deux sous unités, la sous unité catalytique Pol (UL20) et la sous unité ou facteur de processivité 
(UL42) (3, 164, 222, 287). Finalement, le complexe hélicase/primase H/P qui est formé par 
l’hétérotrimère pUL5, pUL8 et pUL52 (UL5/UL8/UL52) (3, 164, 222, 287, 293). 
L'infection par le VHS-1 entraîne une réorganisation dramatique du noyau de la cellule 
infectée impliquant la relocalisation des protéines cellulaires et l'assemblage ordonné des 
compartiments de réplication dans lesquels l'expression génique, la réplication de l'ADN, et 
l'assemblage de nouvelles capsides se produisent (3, 164, 222, 287, 294). Après l'entrée des 
génomes viraux dans le noyau, le génome se circularise puis des complexes nucléoprotéiques 
ICP4/ ICP27 sont détectés dans des compartiments spécifiques appelés sites pré-réplicatifs (3, 
295-297). Les protéines ND10 sont recrutées juste après dans des sites adjacents aux complexes 
nucléoprotéiques ICP4/ICP27 afin de réprimer l’expression des gènes viraux. Toutefois, ces 
sites de ND10 seront rapidement dissociés sous l’action de la protéine virale ICP0 (3, 287, 294, 
298-303). Après la circularisation du génome viral linéaire, la réplication de l'ADN viral se 
déroule en deux phases: une phase initiale de réplication appelée thêta qui démarre dans l'une 
des origines de réplication OriL ou OriS, suivie d'une phase de réplication circulaire « rolling 
circle ». Cette dernière génère des concatémères qui sont clivés et empaquetés dans des 
particules virales infectieuses (164, 287, 297, 304, 305) (Figure 8). 
Dans la première étape, deux homodimères de pUL9 se fixent sur les sites spécifiques 
BOX I et BOX II se trouvant sur l’origine de réplication OriS, ce qui recrute la protéine ICP8 
qui interagit avec pUL9 au niveau d’une séquence de 13 acides aminés (AA) de l'extrémité 
carboxy terminale (164, 287, 288, 290, 291). Cette interaction ATP dépendante stimule les 
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activités hélicase et ATPase de pUL9, ce qui amorce le déroulement des brins d’ADN et la 
formation de structures d'épingle à cheveux (164, 287, 288, 291, 306, 307). Cette étape est 
accompagnée de changements conformationnels dans pUL9 qui commence à se lier de façon 
non spécifique à l’ADN simple brin (164, 288, 307). L'exposition de l'ADN provoque une 
modification conformationnelle de la protéine ICP8 qui la libère de pUL9 et la positionne sur 
l'ADN monocaténaire afin d’empêcher l’hybridation des brins complémentaires (164). Une fois 
que les protéines pUL9 et ICP8 ont amorcé la séparation des brins d’ADN complémentaires, le 
complexe hélicase/primase H/P (pUL5/pUL8/pUL52) est recruté pour dérouler l'ADN et 
synthétiser de courtes amorces d'ARN pour initier la réplication (164, 222, 287, 308). Par la 
suite, l’ADN polymérase virale avec ses deux sous-unités Pol et pUL42 est recruté à la fourche 
de réplication (164, 287). Le recrutement de la polymérase implique des interactions directes 
entre Pol et H/P (164, 287). En effet, les deux sous-unités pUL5 et pUL8 de H/P interagissent 
avec Pol ce qui entraine des changements conformationnels dans le complexe H/P amenant 
ainsi la polymérase à l'ADN viral pour commencer la synthèse de nouveaux brins d’ADN selon 
le modèle de réplication thêta (ϴ) (164, 287, 309, 310).  
Dans la deuxième étape, la réplication continue selon le modèle de réplication circulaire 
« rolling circle » qui génère des concatémères qui seront clivés et empaquetés dans des 





(1) L’ADN viral linéaire se circularise à son entrée dans le noyau. (2) Les protéines virales UL9 puis 
ICP8 s’associent à l’une des origines de réplication pour initier le déroulement l’ADN. (3) Le complexe 
hélicase/primase H/P (UL5/UL8/UL52) ainsi que l’ADN polymérase virale avec ses deux sous-
unités Pol et UL42 sont recrutés à la fourche de réplication. (4) La réplication débute selon le 
modèle thêta (ϴ). (5-6) La réplication continue selon le modèle circulaire « rolling circle » générant 
des concatémères d’ADN qui seront clivés par la suite. Adapté de Fields Virology (3) et Taylor et al 
(308). 
 
I.3.1.5 L’assemblage de la capside 
Après l'initiation de la réplication de l'ADN viral, l'expression des gènes tardifs γ, en 
particulier ceux codant pour les protéines de la capside, augmente pour fournir les éléments 
nécessaires à l'assemblage des nouvelles capsides et l'encapsidation du génome viral (3). 
Figure 8 : Diagramme de réplication de l’ADN du VHS-1 
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L'assemblage de la capside est un processus très complexe qui implique beaucoup 
d’interactions protéiques ainsi que des réactions enzymatiques protéolytiques (3, 180, 311-321). 
Ce processus nécessite la présence des protéines structurales VP5 (UL19), VP26 (UL35), VP19C 
(UL38), VP23 (UL18), pUL6 (UL6), pUL17 (UL17) et pUL25 (UL25) (3, 145, 321). En plus des 
protéines structurales, l’assemblage des capsides nécessite la participation de la protéine de 
l’échafaudage pre-VP22a (UL26.5) ainsi que la protéase pUL26 (UL26) essentielle à la 
maturation (3, 321-323). 
Bien que l'assemblage de la capside et l'encapsidation du génome viral ont lieu dans le 
noyau, les premières étapes de l'assemblage semblent se produire dans le cytoplasme (3). En 
effet, la plupart des protéines impliquées dans l’assemblage de la capside possèdent des 
séquences de localisation nucléaires (NLS) « nuclear localization sequences » leur permettant 
de se relocaliser dans le noyau (3, 308). Toutefois, les protéines VP5 (UL19), VP23 (UL18) et 
VP26 (UL35) étant dépourvues de séquences de localisation nucléaires (NLS), ne peuvent se 
relocaliser dans le noyau par elles-mêmes et doivent donc interagir et former des complexes - 
au niveau du cytoplasme - avec celles contenant du NLS pour être transportées dans le noyau 
(308). Pour cela, la protéine VP5 (UL19) forme un complexe avec pre-VP22a (UL26.5) et 
VP19C (UL38) (324-328). La protéine VP23 (UL18) interagit également avec VP19C (UL38) et 
quant à VP26 (UL35), elle atteint le noyau indirectement en interagissant avec VP5 déjà engagée 
avec pre-VP22a (324-328). Une fois que tous les composants nécessaires à l’assemblage des 
nouvelles capsides sont dans le noyau, le processus commence avec la formation de la structure 
dodécamérique en forme d'anneau (12 copies) nommée portal (178-181, 329-333). Les 
monomères pUL6 du portal interagissent avec les protéines de l’échafaudage pre-VP22a au 
niveau d’un domaine hydrophobe entre les acides aminés (AA) 143 à 151 dans le pre-VP22a 
(313, 331, 334-336). L'anneau du portal agit comme un nidus sur lequel pentons et hexons ainsi 
que les complexes VP19C/VP23 sont ajoutés de manière séquentielle jusqu’à finalement la 
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formation d'une sphère complète, mais immature, thermosensible et fragile nommée procapside 
(49, 316, 320, 321, 337, 338).  
La transition d’une procapside sphérique immature à une capside angulaire mature 
dépend de l'activité de la protéase associée aux protéines de l'échafaudage (339-341). Au cours 
du processus de maturation, la protéase pUL26 (UL26) s’auto-protéolyse au niveau des résidus 
247 et 610 pour donner deux nouvelles protéines : la VP21 de 363 AA qui sert d’échafaudage 
et la VP24 de 247 AA qui garde l’activité protéase (3, 339-341). La protéine d’échafaudage 
pre-VP22a (UL26.5) subit à son tour l’action de la protéase VP24 qui la clive près de l’extrémité 
carboxy terminale pour donner la protéine d’échafaudage VP22a de 304 AA (3, 317, 339-341). 
L’ensemble de ces réactions protéolytiques mènent au changement conformationnel de la 
capside et lui procure sa forme icosaèdrale plus stable pouvant donner lieu à d’autres types de 
capsides (3, 317, 339-342) (Figure 9). 
L’assemblage des capsides nucléaires débute par l’association des pentons et des hexons (via le Triplex) 
autour des protéines de l’échafaudage pour former une procapside sphérique thermosensible et fragile. 
La procapside entame différentes étapes de maturation impliquant des réactions protéolytiques via 
pUL26 et s’angularise pour adopter la forme icosaèdrale pour devenir une capside A ou une capside B, 
qui sont des produits incomplets, ou encore une capside C mature. Adapté de Homa et al (343) et Heming 
et al (145). 
 
Figure 9 : Assemblage et maturation des capsides nucléaires. 
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En plus des procapsides, on peut trouver trois autres types de capsides plus stables 
ayants des morphologies distinctes dans les noyaux des cellules infectées (145). (i) Les capsides 
A contiennent très peu de protéines dans leur cavité à la suite du relargage des protéines 
d’échafaudage VP21, VP22a ainsi que la majorité de la protéase VP24. Ces capsides se forment 
probablement à la suite de l'échec de l’incorporation de l'ADN (45, 145). (ii) Les capsides B 
retiennent les protéines de l’échafaudage dans leur cavité et ne parviennent donc pas à 
incorporer l’ADN viral à cause du manque d’espace (145). (iii) Les capsides C relâchent les 
protéines de l’échafaudage VP21 et VP22a, mais retiennent la protéase VP24. Les capsides C 
réussissent à incorporer l’ADN viral et parviennent préférentiellement à quitter le noyau pour 
un assemblage ultérieur en virions infectieux (144, 145). 
L'encapsidation de l'ADN du VHS-1 nécessite la présence de sept protéines virales : 
pUL6, pUL15, pUL17, pUL25, pUL28, pUL32, et pUL33 (145, 323, 331, 344-350). L’ADN 
concatémérique est incorporée dans les capsides C via le complexe portal (pUL6) sous l’action 
des protéines pUL17, pUL25 et pUL32 (145, 184, 351). Une fois l’encapsidation d’une copie 
intégrale d’ADN réalisée, les protéines du complexe terminase pUL15/pUL28 s’associent avec 
la protéine pUL33 pour cliver l’ADN au niveau des séquences répétées libérant ainsi une seule 
copie de l’ADN du reste du concatémère (145, 352-355). La dernière étape de l’encapsidation 
pour une capside C consiste à garder l’ADN à l’intérieur de la capside pour donner finalement 
une capside C mature qui parait très dense et noirâtre en microscopie électronique (356, 357). 
Pour cela, la protéine pUL25 formant un bouchon pour le complexe portal (pUL6) empêchant 
ainsi la sortie de l’ADN (144-146). La protéine pUL25 interagit avec la protéine pUL17 avec 
laquelle elles forment un hétérodimère qui nécessite la présence de la protéine pUL36 (VP1/2) 
pour stabiliser l’interaction avec la capside (145, 176, 358). Les trois protéines pUL17, pUL25 
et pUL36 forment le CVSC qui se lient spécifiquement aux triplex adjacents à chacun des onze 
pentons (145, 178, 182-187, 358). 
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I.3.1.6 La sortie du noyau 
Une fois que la nucléocapside mature est formée dans le noyau, elle entame sa route 
vers l'espace extracellulaire via une voie spécialisée en traversant les membranes nucléaires, le 
cytoplasme et la membrane plasmique (3, 359). Ainsi, la première étape consiste à traverser 
l'enveloppe nucléaire qui représente une barrière physique beaucoup plus forte que la membrane 
plasmique du fait que cette dernière est constituée d'une seule membrane facilement accessible 
alors que l'enveloppe nucléaire est un système membranaire plus rigide et très complexe 
composé de deux membranes désignées comme membranes nucléaires internes et externes 
(MNI, MNE) qui sont séparées par un espace périnucléaire (360-362). Le mécanisme exact par 
lequel la capside mature traverse la barrière nucléaire a été débattu pendant plusieurs décennies 
(3, 359, 363-365). A ce stade, trois modèles généraux ont été proposés (le modèle luminal, le 
modèle des pores élargis et le modèle d’enveloppement / dé-enveloppement / ré-
enveloppement) afin d’expliquer la sortie des capsides du noyau et leur transport jusqu’à la 
membrane plasmique (3, 359, 363) (Figure 10). 
Les capsides nucléaires nouvellement formées parviennent à quitter le noyau selon 3 modèles : le 
modèle luminal, le modèle des pores élargis et le modèle d’enveloppement / dé-enveloppement / ré-
enveloppement  Adapté de Fields Virology (3). 
Figure 10 : Modèles proposés pour la sortie des capsides nucléaires et leur maturation. 
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Le modèle luminal est un processus d'enveloppement unique qui comprend l'acquisition 
d'une enveloppe par le bourgeonnement des capsides nucléaires à la MNI suivie du transport 
luminal de ces particules enveloppées à travers le RE et la voie sécrétoire vers la surface 
cellulaire pour la libération des particules virales après la fusion des vésicules de secrétions et 
la membrane plasmique (MP) (359, 364, 366). Dans ce modèle, tous les composants du virion 
mature doivent déjà faire partie de la particule virale dans l'espace périnucléaire, et doivent 
aussi être conservés dans la particule virale mature suggérant ainsi la rétention de l'intégrité 
structurelle du virion primaire enveloppé pendant le transit par le transport vésiculaire hors du 
réticulum endoplasmique et à travers la voie sécrétoire (359, 364, 366). Cependant, ce modèle 
a été contesté du fait que les principaux composants des particules virales enveloppées se 
trouvant dans l’espace périnucléaire sont réellement absents des virions matures indiquant une 
discontinuité entre les virions nucléaires et extracellulaires du même que la composition en 
phospholipides des virions extracellulaire diffère de celle des noyaux des cellules infectées 
(207, 359, 364, 366-369). 
Le modèle des pores élargis suggère que les capsides nucléaires peuvent accéder 
directement au cytosol par des pores nucléaires dilatés puis bourgeonner avec les 
compartiments cellulaires pour être sécrétées dans le milieu extracellulaire par la voie de 
sécrétion classique (370, 371). Cependant, les capsides nucléaires présentent un diamètre de 
125 nm. Ceci est trop grand pour traverser les pores nucléaires intacts qui comprennent un 
panier central limitant le transport des particules jusqu'à une taille maximale d'environ 36 nm 
(359, 372-374). Un tel processus de transport affecterait donc l’intégrité des pores nucléaires. 
Cependant, l’élargissement des pores nucléaires lors des infections par le VHS-1 a été constaté 
sans pour autant affecter leur intégrité (359, 370, 371, 375, 376). 
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Le modèle d’enveloppement / dé-enveloppement / ré-enveloppement est le plus 
largement accepté et défendu par des modèles biologiques solides basés principalement sur des 
observations morphologiques et ultrastructurales (200, 359, 363, 365, 368, 369, 377-389). Dans 
ce modèle, les capsides nucléaires acquièrent une enveloppe primaire (l’enveloppement) en 
bourgeonnant à la membrane nucléaire interne entraînant la formation de virions enveloppés 
dans l'espace périnucléaire. Ces virus enveloppés fusionnent avec la MNE libérant ainsi des 
capsides nues dans le cytoplasme (le dé-enveloppement). Les capsides nues du cytoplasme 
seront transportées jusqu’au réseau trans-Golgi « trans-Golgi network » (TGN) où elles 
acquièrent leur enveloppe finale (le ré-enveloppement) (Figure 11). 
Après que les capsides se sont formées dans le noyau, elles bourgeonnent dans la MNI (enveloppement) 
pour former une particule enveloppée dans l'espace périnucléaire. Ces particules fusionnent avec la 
MNE (dé-enveloppement) et sont libérées nues dans le cytoplasme. Les capsides se lient et 
bourgeonnent dans les membranes du TGN (ré-enveloppement) et les virions enveloppés sont sécrétés 
dans le milieu extracellulaire. Adapté de Johnson & Baines (383). 
 
L'enveloppement primaire est principalement médié par deux protéines virales, la 
phosphoprotéine nucléaire pUL31 et la protéine membranaire intégrale de type II pUL34 (383, 
390, 391). Ses deux protéines forment ensemble le complexe de sortie nucléaire « nuclear 
egress complex » (NEC) au niveau de la MNI. La protéine pUL31 du NEC interagit avec la 
capside via la protéine pUL25 du CVSC ou la protéine pUL33 du complexe terminase (184, 383, 
392-397). Cette interaction pUL31-capside, est contrôlée via la phosphorylation de pUL31 par 
Figure 11 : Modèle d’enveloppement / dé-enveloppement / ré-enveloppement. 
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la sérine / thréonine kinase virale pUS3 (394, 398, 399). Les composants du NEC sont essentiels 
pour la sortie des capsides nucléaires et sont aussi incorporés dans les particules périnucléaires 
(369, 383, 385, 390, 391, 400-404). Mais avant d’atteindre la MNI, les capsides doivent 
contourner les lamines nucléaires qui forment un réseau dense de microfilaments 
nucléoplasmiques de type V qui tapissent la surface interne de la MNI faisant ainsi la liaison 
entre la chromatine et la membrane nucléaire et formant un composant structurel majeur du 
noyau (405). Le génome viral code pour deux kinases virales pUL13 et pUS3 que le virus utilise 
pour la phosphorylation et la dissociation des lamines A et C (406-412). Le virus exploite aussi 
les protéines kinases C de la cellule « protein kinase C » (PKC) qui sont recrutées à la 
membrane nucléaire d'une manière dépendante du NEC afin de phosphoryler les lamines B 
(383, 413-416) (figure 12).  
La dissociation des lamines nucléaires de la membrane nucléaire interne (MNI) est favorisée par le 
complexe d'enveloppement nucléaire (NEC) avec la participation des kinases cellulaires et virales. Le 
NEC recrute des glycoprotéines virales qui sont incorporées dans la particule enveloppée. Une partie du 
tégument est déjà liée à la capside. Adapté de Johnson & Baines (383). 
 
En plus des protéines pUL31 et pUL34, des glycoprotéines virales telles que gB, gD, 
gH/gL et gM sont détectées au niveau la MNI et dans les particules virales périnucléaires ce qui 
Figure 12 : L’enveloppement primaire. 
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suggère leur rôle potentiel dans l’enveloppement ou même le dé-enveloppement. Le 
recrutement de ces glycoprotéines est favorisé par l’interaction avec le NEC (211, 213, 383, 
401, 417, 418). L’analyse biochimique des capsides périnucléaires suggère que ces particules 
contiennent également quelques protéines du tégument telles que pUL11, pUL36 (VP1/2), 
pUL41 (vhs), pUL48 (VP16), pUL47 (VP13/14) et pUL49 (VP22) qui jouent des rôles importants 
dans l’enveloppement primaire (359, 395, 419-422). Toutefois, la densité du tégument de ces 
particules périnucléaires est moins importante que celle des virus extracellulaires suggérant que 
la majeure partie du tégument est ajoutée aux capsides durant le transport dans le cytoplasme 
et/ou pendant l’enveloppement final (188, 367, 422-424). 
La deuxième étape dans le processus de la sortie des capsides nucléaires implique la 
fusion de l'enveloppe du virion périnucléaire avec la MNE libérant ainsi des capsides nues dans 
le cytoplasme (dé-enveloppement) (Figure 13). 
L’enveloppe primaire doit fusionner avec la membrane nucléaire externe (MNE) libérant des capsides 
nues dans le cytoplasme et laissant les protéines pUL31 et pUL34 du NEC dans la membrane nucléaire 
externe (MNE). Adapté de Johnson & Baines (383). 
 
Les mécanismes moléculaires qui régulent l’étape du dé-enveloppement ne sont 
toujours pas bien connus (359, 380, 381). Toutefois, des recherches rapportent l’implication de 
certaines protéines virales, notamment la protéine virale pUS3 dont l’activité sérine / thréonine 
Figure 13: Le dé-enveloppement. 
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kinase est très importante pour un dé-enveloppement efficace (368, 406, 412, 425-427). En 
effet, une accumulation de virions enveloppés dans l'espace périnucléaire est observée lors de 
la mutation ou la délétion de la protéine pUS3 (368, 398, 427). De la même façon que la 
phosphorylation de pUL31 par pUS3 induit l’interaction pUL31-capside pour amorcer 
l’enveloppement primaire, la déphosphorylation de pUL31 par pUS3 induit le détachement du 
NEC de la capside au moment de la fusion de l’enveloppe des particules virales périnucléaires 
avec la MNE laissant ainsi les protéines pUL31 et pUL34 du NEC associés à la MNE (368, 369, 
383, 389, 394, 428, 429).  
Malgré la présence des glycoprotéines gB, gD et gH/gL dans la MNI et dans l’enveloppe 
des virions périnucléaires (383), leur implication dans le dé-enveloppement est très ambigüe du 
fait que la délétion simultanée de gB et de gH induit l’accumulation de virions enveloppés dans 
l'espace périnucléaire (211, 212), alors que la mutation individuelle de l’une ou de l’autre n’a 
pas d’effet important sur la sortie du noyau (430-432). La glycoprotéine gK semble aussi être 
impliquée dans la régulation du dé-enveloppement puisqu’une surexpression de gK provoque 
une accumulation de virions enveloppés dans l'espace périnucléaire (433). D’autres protéines 
virales telles que pUL20, pUL48 (VP16) et pUL51 pourraient réguler positivement ou 
négativement cette étape (434-436). 
En plus des facteurs viraux cités plus haut, des recherches suggèrent que des protéines 
cellulaires sont aussi responsables de la fusion de l'enveloppe du virion primaire et de la MNE 
(428, 429). Dans ce contexte, la déplétion de la chaîne lourde du CD98 (CD98hc) et de son 
partenaire intégrine β1 ainsi que la protéine p32 induisent des invaginations de la MNI dans le 
nucléoplasme et une accumulation aberrante de virions enveloppés aussi bien dans l'espace 
périnucléaire que dans les structures d'invagination (437-439). La surexpression de la Torsine 
A altère également le dé-enveloppement conduisant à l'accumulation de virions primaires dans 
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l'espace périnucléaire (440). Les interactions physiques à travers l'enveloppe nucléaire sont 
médiées par l'intermédiaire du complexe LINC « LInkers of Nucleoskeleton 
and Cytoskeleton » qui relie le nucléosquelette au cytosquelette. Ce complexe est formé par les 
protéines à domaine KASH « Klarsicht, ANC-1, SYNE homology » situées dans la MNE, qui 
s'étendent dans le cytosol pour entrer en contact avec les filaments du cytosquelette, et les 
protéines à domaine SUN « Sad1/UNC-84 homology » incorporées dans la MNI qui s'ancrent 
dans les lamines nucléaires. Les protéines SUN et KASH interagissent étroitement dans 
l’espace périnucléaire pour former un pont entre les deux membranes nucléaires (441-449). Une 
surexpression de SUN induit une accumulation des virions enveloppés dans la lumière du 
réticulum endoplasmique et l’espace périnucléaire qui se dilate ce qui suggère son implication 
dans le dé-enveloppement (450). 
L’utilisation de pUL31 pour le dé-enveloppement dépend de la lignée cellulaire. De plus, 
les virus déplétés pour les protéines pUL31 ou pUL34 du NEC ont un faible niveau de 
réplication. Ceci suggère que le mécanisme qu’ils utilisent pour sortir du noyau est indépendant 
de pUL34 et de pUL31 (391, 402, 451, 452). Pour ce mécanisme, une nouvelle voie pour la 
sortie du noyau a été récemment décrite. En effet, l’infection des fibroblastes d'embryon de 
souris n’exprimant pas le gène TorA codant pour la torsine A induit une dégradation de 
l’enveloppe nucléaire (NEBD) « Nuclear envelope breakdown » (453). 
I.3.1.7 La tégumentation  
Le tégument constitue un réseau d'interactions protéine-protéine très dense et très 
complexe comprenant des milliers de copies de protéines de différentes tailles reliant la capside 
à l’enveloppe virale (198, 454-456). La distribution intracellulaire des protéines tégumentaires 
a été analysée afin de localiser le compartiment cellulaire dans lequel la tégumentation a lieu 
en évaluant la localisation des protéines tégumentaires. L'assemblage du tégument sur les 
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capsides se produit en majeure partie dans le cytoplasme, toutefois, la localisation nucléaire 
partielle de certaines protéines du tégument telles que pUL36 (VP1/2), pUL37, pUL41 (vhs), 
pUL46 (VP11/12), pUL47 (VP13/14), pUL48 (VP16), pUL49 (VP22), ICP0 et ICP4 a été 
rapportée dans certaines études (190, 195, 383, 457-461).  
En plus de son interaction avec les protéines pUL17 et pUL26 pour former le CVSC 
(145, 178, 182-187, 358), la protéine pUL36 (VP1/2) interagit avec la capside nucléaire via la 
protéine majeure de la capside pUL19 (VP5) (458, 462-465). Elle interagit avec une autre 
protéine de tégument (pUL37) et ensemble, elles servent d'échafaudage sur lequel s'attacheront 
d'autres protéines tégumentaires (466-468). Contrairement à la plupart des autres protéines 
tégumentaires, pUL36 et pUL37 sont incorporées dans les virions avec une stœchiométrie fixe 
et la surexpression de pUL37 dans les cellules infectées n'augmente pas son incorporation dans 
les virions (469-471). Toujours au niveau du noyau, la protéine pUL48 (VP16) (faisant partie 
du tégument externe) s’ajoute en interagissant avec pUL36 (454, 456, 472-474). A son tour, 
pUL48 (VP16) interagit avec d’autres protéines du tégument externe pUL41 (vhs), pUL46 
(VP11/12) et pUL49 (VP22) (190, 456, 475-477). La délétion de pUL48 (VP16) entraîne la 
production de grandes quantités de particules légères « Light-Particles » (ces particules non 
infectieuses sont composées principalement d'enveloppe et de protéines de tégument et sont 
dépourvues de capsides et d'ADN viral) qui contiennent les protéines pUL46, pUL47 et pUL49, 
mais pas pUL36 et pUL37, suggérant que pUL48 pourrait être un élément clé dans le lien entre 
le tégument interne et externe (478, 479). Les deux protéines pUL46 et pUL47 contribuent 
significativement à l’assemblage des virions. Or, le mécanisme régulant cette contribution reste 
mal connu (190). La protéine pUL46 interagit aussi bien avec la capside qu’avec les protéines 
tégumentaires pUL21, pUL37, pUL48, pUS3, pUS10 et ICP0 (190, 454, 456, 475, 480). De 
même, pUL47 interagit avec de nombreuses protéines tégumentaires telles que pUL14, pUL17, 
pUL21, pUL48, pUL49, pUS11(190, 397, 481). D’autres interactions entre les protéines du 
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tégument ou le tégument et les glycoprotéines de l’enveloppe virale ont lieu dans le cytoplasme 
ou dans le TGN lors de l’enveloppement final faisant de la tégumentation un processus très 
complexe nécessitant encore beaucoup d’investigations pour comprendre comment ces 
protéines favorisent un assemblage efficace des virions (190, 194, 381). 
I.3.1.8 L’enveloppement final ou le ré-enveloppement 
Une fois qu’elles atteignent le cytoplasme, les capsides contenant les premières couches 
du tégument sont transportées jusqu’au site d’enveloppement où elles acquièrent l’enveloppe 
finale sur laquelle des glycoprotéines sont ancrées (Figure 14).  
Dans le cytosol, les capsides contenant les premières couches du tégument se lient à la membrane du 
TGN qui contient des glycoprotéines virales. Les interactions entre le tégument et les glycoprotéines 
favorisent l'enveloppement. Adapté de Johnson & Baines (383). 
 
L’identité précise du ou des compartiments cytoplasmiques où l'enveloppement final a 
lieu a soulevé plusieurs débats. Cependant, de nombreuses études définissent le TGN comme 
étant le site de l'enveloppement final du VHS-1 (190, 200, 367, 387, 482-485). Les protéines 
de tégument contribuent au processus de ré-enveloppement en formant un réseau d'interactions 
très complexe reliant la capside à l’enveloppe virale. En effet, en plus de leurs interactions 
directes avec les protéines de la capside, les protéines du tégument interne interagissent 
également avec d'autres protéines solubles du tégument ainsi que les queues cytoplasmiques 
Figure 14: Le ré-enveloppement. 
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des glycoprotéines virales ou des protéines associées à la membrane (190, 194, 198, 381, 383, 
395, 486-489). Parmi les interactions tégument-tégument les plus caractérisées et ayant un 
impact direct sur l’enveloppement secondaire on trouve trois complexes pUL7/pUL51, 
pUL11/pUL16 et pUL36/pUL37 (190, 194, 381, 490). La protéine du tégument pUL51 est 
localisée dans l’appareil de Golgi dans le cas de transfection alors qu’elle est périnucléaire dans 
le cas de l’infection (491). La délétion de pUL51 induit une accumulation de capsides non 
enveloppées dans le cytoplasme (436, 492). Elle co-localise partiellement avec la protéine du 
tégument pUL7 ainsi que gE au niveau de la MP, mais cette colocalisation est perdue lors de la 
déplétion de pUL51 indiquant son implication dans le recrutement de pUL7 au niveau de la 
membrane plasmique (493, 494). La délétion de pUL7 a un effet similaire à celui de pUL51 
induisant une accumulation de capsides non enveloppées dans le cytoplasme (490, 495). Pris 
ensemble, ces résultats suggèrent que pUL7 et pUL51 fonctionnent comme un complexe qui 
favorise l'enveloppement secondaire au cours de la maturation. Le complexe 
pUL11/pUL16/pUL21 est capable d'interagir avec les membranes en s'associant sur la queue 
cytoplasmique de gE via pUL11 et pUL16, avec une liaison directe de pUL11 à gE favorisant 
l'interaction gE/pUL16 (496-500). La délétion de pUL11 ou de pUL16 a pour résultat une 
réduction de l'enveloppement secondaire avec une accumulation de capsides non développées 
dans le cytoplasme (501-505). Le complexe pUL36/pUL37 assure le transport des capsides 
jusqu’au TGN via les moteurs moléculaires kinésines qui se trouvent aux extrémités des 
microtubules (192, 193, 200, 249, 251-256, 482, 506). La délétion de pUL36 entraîne 
l'accumulation de capsides nues dans le cytoplasme (507). La protéine pUL37 interagit avec gK 
et pUL20 son partenaire de liaison associé à la membrane (488). Le complexe gK/pUL20 est 
impliqué dans l'enveloppement secondaire et la localisation de gD et de gH/gL dans les sites 
d'assemblage (190, 508, 509). La déplétion de pUL20 ou de gK induisent une accumulation des 
capsides non enveloppées dans le cytoplasme (510). La protéine pUL36 (VP1/2) interagit 
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également avec pUL48 (VP16) et la déplétion de cette dernière réduit l’enveloppement 
secondaire de manière drastique (478). La protéine pUL49 contribue également à 
l'enveloppement secondaire par la formation d'un complexe tégument-glycoprotéine 
comprenant pUL49, gE/gI, gM et ICP0, par lequel l'extrémité C-terminale de pUL49 relie les 
extrémités cytoplasmiques de gE et gM alors que l'extrémité N-terminale recrute ICP0 (190, 
511). 
Les 16 protéines de l’enveloppe virale (gB, gC, gD, gE, gG, gH, gI, gJ, gK, gM, gN, 
pUL20, pUL43, pUL45, pUL56 et pUS9) destinées à faire partie du virion mature devraient aussi 
être acheminées vers le TGN afin de rencontrer les capsides cytoplasmiques. La plupart de ces 
protéines contiennent des motifs dileucine, tyrosine dans leurs domaines cytoplasmiques qui 
prédispose leur localisation au TGN via des interactions avec la machinerie de tri cellulaire 
(512-521). Cependant, les autres protéines qui ne contiennent aucun de ces motifs sollicitent 
l’interaction avec d'autres protéines virales pour leur recrutement dans le TGN et leur 
incorporation dans les virions (190, 383). Par exemple, la localisation de l'hétérodimère gE/gI 
au TGN repose sur des motifs de trafic dans le domaine cytoplasmique de gE (506), et la 
localisation de gD et l'hétérodimère gH/gL au TGN est dépendante de gM et/ou de gK/pUL20 
(190, 509, 522, 523). 
Un nombre croissant de publications soulève l’implication des protéines Rab GTPases 
dans les derniers stades de la réplication de plusieurs virus enveloppés notamment l’assemblage 
et l’enveloppement final (524-530). Les protéines Rab GTPase jouent un rôle clé dans la 
régulation du trafic membranaire à différents endroits du système endomembranaire (531-535). 
La déplétion Rab1a/b, Rab5, Rab11 et Rab43 prévient l'enveloppement du VHS-1 (536, 537).  
Une étude récente a démontré l’implication des microARN (miARN) dans 
l’enveloppement secondaire du VHS-1. Les microARN (miARN) sont une classe de petits ARN 
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non codants qui régulent post-transcriptionnellement les gènes en se liant à des séquences 
partiellement complémentaires dans la région 3' (3'UTR) des ARNm cibles. Dans cette étude, 
les miR-199a-5p et miR-199a-3p préviennent l'enveloppement secondaire en régulant 
négativement la protéine d'activation de la GTPase spécifique de Cdc42 (538). 
I.3.1.9 Transport et sortie du virus  
La première étape dans le transport des virions vers la membrane cytoplasmique consiste 
à la scission de la vésicule de transport - contenant dans sa lumière un virion enveloppé – du 
TGN. De nombreux virus enveloppés utilisent l'activité de scission du complexe de tri 
endosomal cellulaire nécessaire au transport « endosomal sorting complex required for 
transport » (ESCRT) pour cette étape cruciale de leur cycle viral (539-541). Ce complexe joue 
un rôle primordial dans le transport du VHS-1 via les corps multivésiculaires (MVB) et la 
protéine Vps4 (542-547). Le VHS-1 utilise également des protéines impliquées dans la voie de 
sécrétion, afin de faciliter la sortie à travers membrane plasmique, telles que Rab3A, Rab6A, 
Rab8a, Rab11a, GAP-43, kinésine-1 et SNAP-25 (190, 548). La déplétion de Rab6A, Rab10, 
Rab13 et Annexin1 par des siRNA est préjudiciable à la réplication du VHS-1 et la déplétion 
de Rab27a réduit la production de particules virales suggérant ainsi son rôle dans le transport 
des vésicules contenant les virions et la fusion avec la membrane cytoplasmique (549-551). La 
protéine Kinase D (PKD3) joue aussi un rôle très important durant cette étape du fait que sa 
déplétion empêche le transport du TGN vers la membrane cytoplasmique (552). 
I.3.2 L’infection latente  
La latence est décrite comme une infection durant laquelle le génome viral persiste dans 
les neurones de l'hôte sans production de protéines virales ou particules virales infectieuses (3, 
219, 304, 553-557). Les neurones sensoriels des ganglions trigéminaux qui innervent les lèvres, 
la gencive et les yeux sont le principal site de latence du VHS-1 chez les humains (3). Toutefois, 
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les neurones sympathiques et sensoriels des ganglions vestibulaires, géniculés, spiraux et sacrés 
peuvent également être des sites de latence (553, 558, 559). La latence peut persister pendant 
toute la vie sans manifestations symptomatiques, avec possibilité de réactivation à tout moment 
suite à un stimulus (3). L’infection latente peut être divisée en trois phases: l’établissement, le 
maintien et la réactivation (3, 219, 304, 553-557). 
Dans une infection lytique, la protéine du tégument VP16 (pUL48) est relâchée en même 
temps que la capside dans le cytoplasme ou elle interagit avec le facteur de cellule hôte 1 « Host 
cell factor 1 » (HCF-1) qui contient une séquence de localisation nucléaire (NLS), et à la suite 
de cette association, VP16 est transportée vers le noyau (560). Dans le noyau, les deux protéines 
(VP16/HCF-1) interagissent avec la protéine Oct-1 « Octamer binding protein-1 » pour former 
un complexe trimérique (VP16/HCF-1/Oct-1) qui interagit à son tour avec les promoteurs des 
gènes immédiats précoces favorisant leur association avec des histones acétyltransférases et des 
lysine déméthylases qui entrainent la modification des histones activant ainsi la transcription et 
la synthèse des protéines immédiates-précoces (219, 278, 279, 556, 561-563). Cependant, lors 
d’une infection latente, les mécanismes qui contrôlent le cycle viral lytique ne sont pas 
adéquatement respectés. Les particules virales libérées lors du cycle lytique dans les cellules 
épithéliales infectent les neurones sensoriels au niveau des terminaisons nerveuses. Les 
capsides libérées dans le cytoplasme sont transportées le long des axones via la dynéine 
cytoplasmique associée aux microtubules qui fournit la force motrice pour les mouvements 
rétrogrades vers le noyau au niveau du corps cellulaire (219, 564). Cette longue distance (axone) 
parcourue par les capsides, entrave le transport efficace de VP16 jusqu’au noyau et semble 
jouer un rôle très important dans l’établissement de la latence du fait que l’infection des corps 
cellulaires conduit à un cycle lytique, alors que l’infection des terminaisons nerveuses mène à 
une infection latente (553, 565). En plus, dans les neurones, Oct-1 n’est pas exprimée et HCF-
1 est exclusivement cytoplasmique ce qui va à l’encontre de la formation du complexe 
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trimérique (VP16/HCF-1/Oct-1) et donc à la transcription des gènes immédiats précoces (219, 
553, 556, 566-569). Pendant la latence, le génome viral persiste sous une forme épisomale 
associée à la chromatine ce qui empêche la transcription des gènes viraux à l’exception d'un 
ARN non codant connu sous le nom de transcrit associé à la latence « latency-associated 
transcript » (LAT) (220, 221, 275, 570, 571) (Figure 15). 
(a) Le VHS-1 pénètre dans les neurones via les terminaisons nerveuses innervant les cellules 
épithéliales. Les capsides sont transportées le long des axones par un mouvement rétrograde vers le 
noyau au niveau du corps cellulaire. La protéine du tégument VP16 (triangles bleus) se dissocie de la 
capside presque immédiatement après sa libération dans le cytoplasme, et migre vers le noyau avec une 
très faible efficacité entravant ainsi la formation du complexe trimérique (VP16/HCF-1/Oct-1) et donc 
la transcription des gènes immédiats précoces. (b) Les stimuli de réactivation favorisent l'accumulation 
nucléaire de HCF-1(cercles noirs) et VP16, qui est synthétisée de novo stimulant ainsi la réplication de 
l’ADN viral et la transcription des gènes viraux. Les capsides nouvellement formées sont transportées 
par un mouvement antérograde vers les terminaisons nerveuses des axones où elles arrivent à maturité 
et sont ensuite libérées pour assurer un nouveau cycle infectieux lytique dans les cellules épithéliales. 
Adapté de Wilson & Mohr (553). 
 
Le LAT est un transcrit primaire de 8,3 kb, qui est épissé en introns LAT majeurs stables 
de 1,5 et 2 kb qui s'accumulent abondamment dans les noyaux des neurones infectés (572), ainsi 
qu'un exon mineur très instable de 6,3 kb difficile à détecter de manière fiable sans l’utilisation 
Figure 15: Établissement de la latence et réactivation. 
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de techniques très sensibles du fait qu’il est rapidement excisé en plusieurs miARN (573-576). 
Le LAT et les miARN associés semblent limiter l'expression des gènes immédiats-précoces in 
vitro en apportant des modifications post-traductionnelles aux histones associées aux 
promoteurs des gènes viraux maintenant ainsi l’état de latence (275, 577-581). LAT favorise la 
survie des neurones après l'infection par le VHS-1 en réduisant l'apoptose. Ceci est soutenu par 
des études qui démontrent que les mutants LAT- établissent la latence de façon moins efficace 
que le type sauvage et que leur neurovirulence est plus forte (582-584).  
Le génome du VHS-1 contient 18 structures en tige-boucle qui aboutissent à 27 
séquences de miRNA matures miR-H1 à miR-H27 dont 6 sont localisés dans le LAT (miR-H2, 
H3, H4, H5, H7 et H8) (569, 585). Les fonctions de la majorité de ces miRNA restent 
inconnues. Toutefois, Les miR-H6, miR-H2, miR-H3 et miR-H4 régulent négativement 
l’expression des gènes viraux ICP0, ICP6 et ICP34.5 respectivement et leur expression est 
élevée lors de la latence indiquant leur implication dans l’établissement et le maintien de la 
latence (585). Le niveau d’expression de miR-H15, miR-H17, miR-H18, miR-H26 et miR-H27 
augmente significativement lors de la réactivation suggérant un rôle potentiel de ces miRNA 
dans cette étape (585, 586). Les microARN cellulaires semblent aussi jouer un rôle dans la 
latence. Le microARN cellulaire miR-101, qui cible la région non traduite 3' de la sous-unité 
bêta de l'ATP synthase mitochondriale (ATP5B), agit comme une défense cellulaire qui 
empêche la réplication lytique du VHS-1 ce qui peut favoriser son entrée dans la latence (585, 
587). 
À la suite d’un stimulus (stress, fatigue, température, traumatisme, exposition aux 
UV…etc), le VHS-1 est susceptible de se réactiver. Pendant la réactivation, les niveaux du 
transcrits LAT diminuent et les histones qui lui sont associées deviennent désacétylées. (221, 
588). L’accumulation du HCF-1 dans le noyau en même temps que de VP16 nouvellement 
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produite, stimule la réplication de l’ADN viral de même que la transcription des gènes viraux 
tels que ICP0. Cette dernière s’associe à des histones acétylées favorisant ainsi la transcription 
des gènes lytiques et l’accumulation de leurs transcrits. (221, 553). Les capsides nouvellement 
formées sont transportées par un mouvement antérograde vers les terminaisons nerveuses des 
axones où elles arrivent à maturité et sont ensuite libérées pour assurer un nouveau cycle 
infectieux lytique dans les cellules épithéliales adjacentes. 
I.4 Détection et analyse des particules virales 
I.4.1 Les techniques quotidiennes de laboratoire  
Les virus ne sont généralement détectés que de manière indirecte et les principales 
méthodes d'étude des virus animaux sont centrées sur la croissance des cellules vivantes, la 
réaction avec des anticorps spécifiques (comme le cas pour les tests ELISA pour détecter des 
antigènes viraux ou des anticorps spécifiques au virus), le dosage par plaque « plaque assay » 
pour quantifier les particules infectieuses ainsi que la réaction en chaîne de la polymérase 
« polymerase chain reaction » (PCR) (589-591). De plus, il est difficile d'étudier un virus qui 
n'atteint pas un titre élevé dans des cellules en culture (in vitro) ou dans un modèle animal (in 
vivo) (592). Toutes les techniques classiques pour la détection des virus ont leurs forces et leurs 
limites, et devraient être choisies avec soin en prenant en considération la vitesse, 
l'automatisation, la fiabilité et le coût de chaque technique (593-595). 
I.4.2 La protéomique virale 
La connaissance de la composition protéique des particules virales matures ou des 
intermédiaires cellulaires lors de l’infection est un élément très important pour les études 
fonctionnelles de la pathogenèse virale. Ceci permet de comprendre de nombreux aspects tels 
que l’abondance et la localisation des protéines virales et de concentrer l'analyse sur des 
protéines spécifiques afin de déterminer leurs rôles au cours de l'infection. La protéomique est 
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une technologie à haut débit qui complète l'exploration génomique pour évaluer les interactions 
protéine-protéine (596). Les progrès de la protéomique basés sur l’utilisation des techniques 
d’identification des protéines telles que la spectrométrie de masse « mass spectrometry » (SM) 
ont révolutionné l'étude des protéines en permettant l'analyse de leur expression globale, ce qui 
a contribué à notre compréhension des interactions hôte-virus, en mettant l'accent sur les virus 
qui ont un impact sur la santé humaine (596, 597). Au cours des dernières années, la SM a 
connu des avancées significatives, ce qui a permis d'améliorer la résolution, la détection et la 
quantification des peptides/protéines. Ainsi, dans un seul et même échantillon, on peut observer 
plusieurs milliers de protéines de tailles différentes (3 - 300 kDa) avec des quantités aussi faibles 
qu’une copie (596-599). Depuis les années 1990, la SM a permis d’analyser la composition 
protéique de plusieurs virions purifiés, et a conduit à l'identification de composants jusqu’alors 
inconnus. Ainsi l’étude de la composition protéique de plusieurs virus herpétiques a été possible 
grâce à la SM. Tel est le cas pour le cytomégalovirus humain (HCMV), le cytomégalovirus 
murin (MCMV) le virus d’Epstein-Barr (EBV), le virus de l’herpès associé au sarcome de 
Kaposi (KSHV), etc. (600-606). Le VHS-1 ne fait pas l’exception. En effet, l’analyse par SM 
de virus extracellulaires matures hautement purifiés a déterminé que ces particules virales 
contiennent 8 protéines de capsides, 13 glycoprotéines virales, 23 protéines tégumentaires et au 
moins 49 protéines cellulaires (188). Une autre étude toute récente a identifié une nouvelle 
protéine cellulaire capable d’interagir avec la glycoprotéine virale M (gM) et de moduler les 
processus de fusion membranaires induites par le virus (607). Malgré le fait que la protéomique 
virale soit victime de sa grande sensibilité (la présence de quantités infimes de contaminants 
peut être détecté), elle demeure une technique très performante dans l’identification et l’analyse 
des protéines virales (597). 
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I.4.3 La cytométrie de flux 
La cytométrie en flux implique la détection de cellules, et la caractérisation des 
populations cellulaires selon leur taille et leur granulosité. Elle a permis la différenciation de 
plusieurs populations cellulaires et d'examiner et d’analyser leurs processus internes (608, 609). 
Les progrès récents dans le domaine de la cytométrie de flux ont favorisé l’amélioration de la 
détection en ajoutant des photomultiplicateurs au cytomètres ce qui a permis la détection de 
particules aussi petites que 100 nm. Ces petites particules peuvent être des composants 
cellulaires comme des exosomes, ou même extracellulaires, tels que de petites bactéries ou des 
virus (610-613). La virométrie en flux fait référence à l'utilisation d'un cytomètre de flux pour 
détecter des particules virales. Les virus sont couramment analysés par des techniques telles 
que la microscopie électronique (ME), l’ELISA, le Western blot, la PCR...etc. Cependant, ces 
méthodes analysent les préparations virales en vrac (incapacité d’analyser des virions 
individuels ou leurs proportions dans des préparations virales et le manque de discrimination 
entre les virions et les particules virales non infectieuses) et nécessitent souvent une préparation 
d'échantillons qui est dans certains cas très difficile (614). Tandis que, la virométrie de flux 
permet la détection et l’analyse directe des particules virales individuelles (612, 615-617). 
Comme pour le cas des cellules, les particules virales sont d’abord isolées puis incubées soit 
avec des anticorps spécifiques ou avec des molécules fluorophores puis analysées 
individuellement à travers un cytomètre de flux.  
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I.5 Hypothèses et objectifs de recherche 
Le VHS-1 est un agent infectieux responsable de plusieurs pathologies allant des moins 
graves comme les lésions orolabiales plus connues sous le nom des feux sauvages, au plus 
sérieuses telles que les encéphalites et les kératites. Il n’y a pas de traitement curatif ni de vaccin 
contre les infections au VHS-1. Afin de pouvoir mieux contrôler ces maladies, il faut être 
capable de bien comprendre et de maîtriser le cycle de réplication viral, de l’entrée du virus 
jusqu’à la sortie des nouveaux virions en passant par la maturation des capsides nucléaires et 
les mécanismes sous-jacents ainsi que le processus de tégumentation. Cependant, bien que les 
nombreuses recherches aient apporté considérablement d’éléments de réponses sur ces points, 
beaucoup de questions se posent toujours concernant la sortie du noyau ainsi que la couche du 
tégument et le processus de tégumentation.  
Dans un premier temps, l’analyse protéomique des particules virales matures du VHS-
1 par SM a déterminé que la majeure partie des protéines qui les composent se trouve dans la 
couche du tégument (188). Cette couche est très complexe et sa formation dépend de multiples 
interactions entre les diverses protéines du tégument avec les protéines de la capside et de 
l’enveloppe virale (190, 192-194). Des analyses des particules virales ont montré que les 
protéines formant la capside sont hautement structurées et ont une stœchiométrie stable (618). 
Cependant, d’autres études estiment que les protéines constituant le tégument sont moins 
structurées (191, 471, 619, 620). La déplétion des protéines du tégument affecte directement 
l’infectiosité et la réplication du virus (189, 621). L’analyse de la couche tégumentaire et de 
l'importance de la quantité relative des protéines qui la constituent ainsi que son impact sur 
l’infectiosité permet d’évaluer directement l’impact biologique de la variabilité de ces protéines 
au niveau individuel des particules virales. Or, une telle analyse a été difficile car la plupart des 
méthodes évaluent généralement la composition moyenne des populations virales entières et 
non pas la teneur pour chaque particule individuelle. Comme hypothèse, nous pensons que 
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certaines protéines de tégument ont une stœchiométrie rigoureusement contrôlée, tandis que 
d'autres ont une stœchiométrie flexible. Nous pensons aussi qu’il est très probable qu’en plus 
de leur présence qualitative, la quantité relative des protéines du tégument modulent également 
l’infectiosité. L’objectif donc est d’évaluer, par virométrie de flux, la variabilité des protéines 
de tégument du VHS-1 entre les particules virales individuelles ainsi que d’évaluer la pertinence 
biologique de cette variabilité sur les particules virales. 
Dans un second temps, lors de la maturation des capsides nucléaires, les capsides C sont 
préférentiellement libérées par le noyau (383, 388, 622). On pensait que cette sélection était dû 
à la présence du complexe pUL17/pUL25 sur les capsides C (145, 184, 395). Or, il a été observé 
par la suite que ce complexe est présent également sur les capsides A et B (145, 186, 187). Ceci 
laisse penser à l’implication des protéines de l’hôte dans ce processus. Aussi, le recrutement 
des premières protéines du tégument semble avoir lieu dans le noyau (196). Toutefois, malgré 
les connaissances cumulées jusqu’à nos jours et les efforts colossaux en recherche, les 
mécanismes responsables de la maturation des capsides et l’acquisition des protéines du 
tégument restent ambigus. Pour cela, la caractérisation de la composition protéique précise des 
capsides nucléaires A, B et C serait très informative. Comme hypothèse, nous pensons que les 
protéines virales qui composent les capsides C seraient légèrement ou pas différentes de celles 
qui composent les capsides A et B. Ceci suggèrerait que la sélection des capsides C par le noyau 
serait la conséquence d’un processus plus complexe impliquant les protéines de l’hôte. Aussi, 
nous pensons que les protéines du tégument interne seraient acquises au niveau du noyau. 
Malheureusement la séparation des capsides nucléaires sur un gradient de densité nous procure 
des capsides C contaminées a 30% par les B (356). Or, la combinaison du gradient de densité à 
la virométrie de flux semble résoudre ce problème (356). Le premier objectif serait donc de 
produire des enchantions de haute pureté en combinant le gradient de densité à la virométrie de 
flux. Le second objectif est d’analyser les capsides nucléaires par spectrométrie de masse afin 
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de déterminer la composition protéique exacte pour les trois types de capsides (A, B et C) 
présentes dans les noyaux des cellules infectées incluant les protéines cellulaires qui leur sont 
associées. Cette analyse nous permettra également de déterminer si l’acquisition des protéines 
du tégument débute effectivement au noyau à un stade précoce du cycle viral. 
Ce projet de recherche constitue un point de convergence entre plusieurs techniques 
classiques et innovatrices en virologie, biologie cellulaire et protéomique. Il permet d’ajouter 
de nouveaux éléments quant à la maturation des capsides virales ainsi que le processus de 
tégumentation et la modulation des protéines du tégument et son impact sur l’infectiosité. 
Finalement, il contribue à l’accumulation de nouvelles données qui permettront probablement 
d’ouvrir de nouvelles voies de recherche pour mieux comprendre et contrôler le cycle viral ainsi 
que d’exporter la technologie de la virométrie en flux pour étudier d’autres virus.
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Several virulence genes have been identified thus far in the herpes simplex virus type 1 
genome. It is also generally accepted that protein heterogeneity among virions further impacts viral 
fitness. However, linking this variability directly with infectivity has been challenging at the 
individual viral particle level. To address this issue, we resorted to flow cytometry (flow 
virometry), a powerful approach we recently employed to analyze individual viral particles, to 
identify which tegument proteins vary and directly address if such variability is biologically 
relevant. We found that the stoichiometry of the UL37, ICP0 and VP11/12 tegument proteins in 
virions is more stable than the VP16 and VP22 tegument proteins which varied significantly among 
viral particles. Most interestingly, viruses sorted for their high VP16 or VP22 content yielded 
modest but reproducible increases in infectivity when compared to their corresponding low 
containing VP16 or VP22 counterparts. These findings were corroborated for VP16 in siRNA 
experiments but proved intriguingly more complex for VP22. An analysis by quantitative Western 
blotting revealed substantial alterations of virion composition upon manipulation of individual 
tegument proteins and suggests that VP22 protein levels acted indirectly on viral fitness. These 
findings reaffirm the interdependence of the virion components and corroborate that viral fitness is 




The ability of viruses to spread in animals has been mapped to several viral genes but other 
factors are clearly involved, including virion heterogeneity. To directly probe whether the latter 
influences viral fitness, we analyzed the protein content of individual herpes simplex virus type 1 
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particles using an innovative flow cytometry approach. The data confirm that some viral proteins 
are incorporated in more controlled amounts, while others vary substantially. Interestingly, this 
correlates with a trans-activating viral protein and indirectly to a second virion component, whose 
modulation profoundly alters virion composition. This reaffirms that not only the presence but also 
the amount of specific tegument proteins is an important determinant of viral fitness. 
II.1.2 Introduction 
Over the years, virulence genes that modulate the ability of viruses to propagate have been 
identified. Given their parasitic nature, viruses are also largely influenced by their hosts. This 
relates, for example, to both the innate and acquired immune responses and the presence of specific 
cellular receptors that contribute to tropism. However, many reports suggest that protein 
heterogeneity among viral particles additionally impacts viral fitness, but it has been challenging 
to probe at the individual virion level. One important reason is that most methods typically evaluate 
the average composition of whole viral particle populations and rarely address individual particle 
content. On the other hand, techniques such as immuno-EM and fluorescence microscopy, do 
evaluate particle to particle variation but not infectivity. Thus, no tool existed until now to directly 
evaluate the biological relevance of protein variability among individual virions.  The present work 
attempts to tackle this issue.  
Mature herpes simplex virus type 1 (HSV-1) virions are composed of 4 distinct layers 
encompassing the double stranded DNA viral genome, a capsid, a so-called tegument and a host-
derived lipid envelope. Altogether, at least 44 different viral proteins and potentially as many 
cellular proteins are incorporated in mature extracellular HSV-1 viruses (1). Interestingly, the bulk 
of these proteins are contained within the tegument, an intricate layer whose composition is 
dependent on multiple interactions among the various tegument proteins as well as with capsid and 
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envelope proteins (2). As for other viruses, virulence varies within and among HSV-1 stocks, while 
viral preparations typically contain a vast array of heterogeneous particles dominated by the 
presence of non-infectious particles (3). These properties make HSV-1 an ideal candidate to study 
protein variability among viral particles and probe the impact of this variability on the ability of 
the virus to infect cells.  
The HSV-1 tegument structurally bridges the viral envelope to the capsid. It is 
multifunctional and is implicated in capsid transport, targeting of the incoming capsids to the 
nuclear pores, egress of newly made viral particles and acquisition of the final envelope (4, 5). 
Among the tegument proteins are trans-activating molecules that modulate the expression of other 
viral proteins. These include ICP0, ICP4 and VP16 that are all present in virions, presumably to 
jump start the infection cycle (6-8). Not surprisingly, depleting or altering these proteins genetically 
or by RNA interference leads to reduced viral yields (9-13). Thus, the tegument proteins are not 
merely structural but also active participants in most aspects of the viral life cycle and are important 
determinants of viral fitness. It is very likely that, in addition to their qualitative presence, their 
relative amounts in a given viral particle also modulate the infection, but evaluating this 
relationship has been difficult. 
While the stoichiometry of the components forming the highly structured HSV-1 capsid has 
been determined with good accuracy (14), only rough estimates prevail for the more loosely 
organized tegument layer. These last estimates were originally derived from semi-quantitative 
sypro red or coomassie staining of protein gels and autoradiograms (15-17). More recently, 
tegument abundance has also been monitored by coincidence fluorescence spectroscopy and, in the 
case of pseudorabies herpesvirions (PRV), by fluorescence microscopy of GFP tagged components 
(18, 19). Several pieces of evidence suggest that some tegument proteins have a tightly controlled 
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stoichiometry, while others may be more flexible. For instance, overexpression of the abundant 
VP22 tegument leads to its greater incorporation in mature virions (20). This contrasts with UL37, 
whose quantity remains stable in virions even when exogenously overexpressed (21). Moreover, 
an analysis by quantitative mass spectrometry of deletion mutants of the related pseudovirus hinted 
that VP1/2 and VP13/14 are incorporated in virions in fixed amounts, while VP11/12, VP16, and 
VP22 are present in variable quantities (22). These findings are consistent with work by Smith and 
colleagues who found some heterogeneity of specific tegument proteins among viral particles (19). 
However, none of the above studies addressed whether this heterogeneity is mirrored by 
corresponding changes in infectivity at the individual particle level. Interestingly, the addition of 
extraneous tegument proteins in the form of so-called L-particles, which contain an envelope and 
tegument proteins but are devoid of viral capsid and genome, enhances the ability of transfected 
viral DNA to generate infectious particles (23), pointing to the importance of the relative amount 
of tegument proteins.  
The goal of the present study was to quantitatively evaluate the variability of the HSV-1 
tegument proteins among viral particles and to evaluate the biological relevance of that particle-to-
particle variability. To this end, we resorted to flow cytometry, a powerful method we recently 
employed to characterize and purify HSV-1 nuclear capsids (24). The present study shows that 
flow cytometry can also be used to study naturally occurring heterologous populations of mature 
extracellular HSV-1 virions. It further confirms that some tegument proteins are more stable in 
their stoichiometry from viral particle to the next while others, such as VP16 and VP22, are 
incorporated in greatly more flexible amounts. Interestingly, the sorting by flow cytometry of 
virions based on their VP16 or VP22 content translated into a modest but reproducible modulation 
of infectivity with particles containing more VP16 or VP22 being slightly more infectious. 
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Interestingly, RNA interference studies targeting VP16 corroborated these findings, while virion 
depletion of VP22 hinted at a more complex scenario. Quantitative Western blot analyses of the 
viral tegument layer thus indicated that this latter phenotype is likely multifactorial and indirectly 
related to VP22 protein levels. They also revealed that altering one tegument component, for 
instance by changing its stoichiometry or by tagging it with GFP, can have profound implications 
for the overall composition of the virions. We ultimately confirmed at the individual viral particle 
level that the amount of individual tegument proteins in the virions, as opposed to merely their 
presence, is indeed a contributing factor that modulates infectivity of the viral particles. Thus, not 
only the presence but also the amount of specific proteins in mature virions constitutes a bona fide 
viral fitness factor. 
II.1.3 Materials and Methods 
Cells and viruses. African green monkey kidney Vero cells (ATCC CCL-81) were cultured at 
37°C in 5% CO2 in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% 
fetal bovine serum (FBS; HyClone®), 2 mM L-glutamine (Life Technologies), and antibiotics (100 
U/ml penicillin and 100 µg/ml streptomycin). 143B cells (ATCC CRL-8303) were also 
supplemented with 15 mg/ml 5-bromo-2 deoxyuridine (BrdU; Sigma). 
The GFP tagged and corresponding wild type HSV-1 viral stocks used in this study are 
summarized in Table 1. These include the parental strains KOS, F and 17+ that were kindly 
provided by Beate Sodeik. The K26GFP and K37eGFP recombinant viruses, both in the strain 
KOS background and carrying a GFP tag on the capsid protein VP26 and the tegument protein 
UL37 respectively, were kindly provided by Prashant Desai (25, 26). The HSV-1 GS4677, GS3351, 
GS3330 and GS2971 recombinant viruses carrying a GFP tag on the capsid protein UL25, the 
tegument proteins VP11/12 and VP16 and the envelope glycoprotein B (gB) respectively (all strain 
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F derived) were generously provided by Gregory Smith (27, 28). The 0+ GFP 12 and 0+ GFP 105 
recombinant viruses, obtained from William Halford, are in the KOS background and carry a GFP 
tag on the tegument protein ICP0 between the amino acids 11-12 and 104-105 respectively (29). 
The GHSV-UL46 recombinant virus tagging VP11/12 (strain KOS) was kindly provided by Jim 
Smiley (30), while the HSV-1 VP16-GFP recombinant virus (strain 17+) carrying a GFP tag on 
the aforementioned protein was obtained from Peter O’Hare (31). Finally, the HSV-1 GFP VP22 
recombinant virus (strain 17+) carrying a GFP tag on the tegument protein VP22 was kindly 
provided by Gill Elliott (32). All viruses were amplified on BHK, 143B or Vero cells and tittered 
on Vero cells by plaque assay as previously described (33). Please note that, for clarity, all figures 
in this study refer to the tagged proteins rather than the official names of the viruses (see Table 1). 
 
Purification of extracellular virions. Vero cells freshly passaged the day before were grown on 
500 cm2 dishes until 80% confluent. Cells were mock treated or infected with wild type or 
recombinant HSV-1 at a multiplicity of infection (MOI) of 5. At 18 hours post infection (hpi), the 
extracellular medium was harvested and clarified by centrifugation at 300 x g for 5 min at 4°C. 
The samples were then filtered through a 0.45 µm filter to eliminate intact cells and large cellular 
debris. Extracellular virions were subsequently pelleted by centrifugation at 20,000 x g for 1 hour 
at 4°C in a Beckman SW32-Ti rotor. The viral pellets were resuspended in MNT buffer (30 mM 
MES, 100 mM NaCl, 20 mM Tris HCl pH 7.4) and treated for 30 min at 10°C with 500 U/mL of 
DNAse I (Roche) and 2 mg/ml of RNAse A (Invitrogen) to digest both cellular and non-




Antibodies. Primary antibodies for Western blotting were graciously provided by various sources 
(and diluted) as follows. Anti-VP1/2 (1:300) provided by R. Courtney (34); anti-UL37 (1:1000) 
provided by F. J. Jenkins (35); anti-US3 (1:4000) provided by B. Roizman (36); anti-VP16 (1:1000) 
provided by H. Browne (37); anti-VP13/14 (1:5000) and anti-VP22 (1:10000) provided by G. Elliot 
(38, 39). Commercial antibodies against VP5 (1:1000; Cedarlane), ICP0 (1:5000; Abcam), ICP4 
(1:1000; Abcam) and calnexin (1:1000; Enzo Life Sciences) were also used. Horseradish 
peroxidase-coupled secondary antibodies (goat anti-mouse or anti-rabbit) were used at 1:10000 and 
were purchased from Jackson ImmunoResearch. 
 
Gel electrophoresis and quantitative Western blotting. Five micrograms of extracellular virions 
were boiled for 10 min in loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 0.1% bromophenol 
blue, 10% glycerol, and 2% β-mercaptoethanol) and separated on 10% SDS-PAGE gels. Proteins 
were electrophoretically transferred from the gels to polyvinylidene difluoride (PVDF) 
membranes, and the membranes incubated for 30 min in blocking buffer (10% nonfat dry milk, 
13.7 mM NaCl, 0.27 mM KCl, 0.2 mM KH2PO4, 1 mM Na2HPO4, and 0.1% Tween 20). All 
primary antibodies were diluted in blocking buffer and added to blots for 1 to 2 h. Blots were then 
washed three times in blocking buffer and probed with secondary antibodies conjugated to 
horseradish peroxidase. The detection was done on a ChemiDoc MP System (Bio-Rad), which has 
a 4 orders of magnitude dynamic range, and Clarity Western ECL Substrate (Bio-Rad). Images 
were acquired and analyzed with the Image Lab Software Version 5 (Bio-Rad). The volume 
intensity of each tegument band was divided by that of the Calnexin (in case of cell lysates) or VP5 
capsid protein (in case of extracellular virions) for each sample to normalize for gel loading. These 
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tegument/VP5 ratios were finally compared to that of wild type of each strain, arbitrarily set at 1, 
to avoid biases among viral strains. 
 
Syto 13 and Syto 61 fluorescence labeling of viral particles. Five microliters of a diluted fraction 
of DNAse/RNAse treated virions were incubated for 1 h at 4°C with 1 µM Syto 13 (green 
fluorescence) or Syto 61 (red fluorescence; Invitrogen), unless otherwise indicated. Note that either 
Syto signal is minimal as a free molecule but strongly stimulated when bound to nucleic acid. 
Consequently, unwashed labeled virions were directly analyzed by flow cytometry (see below). To 
measure the impact of the Syto dyes on the viability of the virus, the stained samples were directly 
assessed in plaque assays as described below.  
 
Flow cytometry analysis. Flow cytometry was performed as previously described (24). Briefly, 
Syto 13 or 61 labeled particles and/or GFP recombinant viruses diluted 1:500 in 0.2 µm filtered 
MNT were analyzed on a FACSAria II sorter (BD Biosciences) equipped with a 100 µm nozzle 
and 405, 488, and 633 nm lasers. The 100 µm nozzle, rather than a smaller one, was used to reduce 
the pressure and hence maximize the excitation time and signal strength (24). Analysis and sorting 
were performed in PBS at low pressure (23 psi) and a flow rate between 1 and 3 for a maximum of 
3000 events/sec to minimize coincidental events. For GFP and Syto 13, the samples were excited 
with a 488 nm laser coupled to an emission filter allowing the 515-545 nm wavelengths to go 
through. Syto 61 fluorescence was detected with the 633 nm laser coupled to a 660-670 nm 
bandpass. In all cases, a minimal threshold of 200 for the SSC channel was applied to remove the 
background signal and 100,000 particles analyzed. They were then analyzed in the fluorescence 
channel, gating on GFP tagged, Syto 13 and/or Syto 61 labeled virions as indicated. To insure the 
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approach only monitored single viral particles, as opposed to virion aggregates, several tools were 
used. First, as mentioned above, the samples were all pre-filtered through a 0.45 µm filter. 
Secondly, the filtered virions were initially analyzed by light scattering, where FSC is a measure 
of size and SSC an indication of granularity and internal complexity. In all cases, a gate was applied 
on the bulk of the particles (> 95 %; see corresponding figures) which excluded large aggregates. 
Third, a purity mask of 16 was applied upon sorting, meaning that each drop being scanned could 
not be sorted if a non-target particle fell within the first or last 8/32 of the leading or trailing drop, 
thus effectively preventing doublets to be sorted and only allowing single event sorting. The data 
were initially acquired with the FACSDiva software version 6.1.3 (BD Biosciences) and then 
processed with FlowJo version 10.0.7r2 (TreeStar). Note that only fluorescent viral particles were 
considered for the histograms and the calculation of the mean fluorescence intensity (MFI). Upon 
sorting, the diluted virions were aliquoted and frozen at -80°C and subsequently tittered on Vero 
cells as detailed below. The robust Coefficient of variability (% rCV) corresponds to the robust 
standard deviation divided by the median. Bilateral Student’s T-tests were used to determine any 
statistically significant differences between the samples.  
 
AcGFP Flow Cytometer Calibration Beads. AcGFP (Clontech, cat Nº 632594) beads are a 
mixture of six distinct populations with a different amount of attached AcGFP molecules and thus 
a distinct fluorescence signature. Molecular Equivalent of Soluble Fluorophore (MESF) per peak 
is obtained by correlating the Mean Fluorescence Intensity (MFI) of each population with the 
amount of soluble AcGFP yielding the same fluorescence intensity. Twenty microliters of AcGFP 
Calibration Beads were resuspended in 1 ml of 1X flow cytometer calibration beads dilution buffer 




Plaque assays. To assess viral particle infectivity, Vero cells were plated on 6 well plates and 
grown to confluency. The growth medium was removed and 250 μl aliquots of 10 fold serial 
dilutions of virions in RPMI + 0.1% BSA were placed on the cells in duplicates. After 1 h 
adsorption to cells at 37°C, 2X DMEM media mixed with 2% agarose (1:1) was added and the 
cells further incubated at 37°C. The media/agarose mix was typically removed 72 hpi later, the 
cells fixed with methanol and the plaques revealed with crystal violet as before (33). 
 
Quantitative PCR (qPCR) analysis of sorted virions. To determine genome copy numbers, 200 
µl of FACS sorted virus were first treated for 10 min at 37°C with 500 U/mL of DNAse I (Roche) 
to digest non-encapsidated viral DNA. The encapsidated viral DNA was extracted using GenElute 
Mammalian Genomic DNA Miniprep Kits (Sigma-Aldrich) as per the manufacturer’s instructions. 
These samples were then analyzed by quantitative PCR using HSV-1 glycoprotein B (gB) specific 
primers (forward: 5’ CCACGAGACCGACATGGAGC 3’; reverse: 5’ 
GTGTTCGGTGTGCGACCCCTC 3’). The q-PCR was performed with a LightCycler 480 (Roche) 
using the PerfeCTa SYBR Green SuperMix (Quanta BIOSCIENCES). The data were analyzed 
using LightCycler1 480 software version 1.5. 
 
Electron Microscopy. Sorted viruses were firstly fixed in 2% glutaraldehyde in 0.1 M phosphate 
buffer (PB, pH 7.3) for 1 h on ice. Viruses were then concentrated by passing them through a 13 
mm Swinny stainless steel holder (EMD Millipore) containing an 0.1 µm Omnipore PTFE 
hydrophobic membrane filter (EMD Millipore). The filter containing sorted viruses was washed 
with PB and post-fixed in 1% OsO4 in PB for 1h at 4
oC. The filter was then rinsed, dehydrated in 
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increased concentrations of ethanol and embedded in Epon (40). Ultrathin sections of filter 
containing viruses were done using a Reichert ultracut microtome and placed on naked nickel grids. 
The grids were then contrasted with 3% aqueous uranyl acetate (Canemco & Marivac). Samples 
were examined on a Philips CM100 transmission electron microscope and digital micrographs were 
captured using an AMT XR80 CCD digital camera. 
 
Production of depleted virus using siRNA. 143B cells were seeded in 6-well plates at a 
concentration of 5×104 cells/well 24 hours before transfection. Cells were transfected for 48 hours 
using PepMuteTM siRNA Transfection Reagent (SignaGen® Laboratories) according to the 
manufacturer’s instructions. RNA interference reagents (Dharmacon) used at 25-100 nM/well 
included a unique siRNA against VP16 (12, 13) and two distinct siRNA against VP22. Cells were 
then either mock treated or infected with HSV-1 KOS at a MOI of 5. After the one hour adsorption 
time, cells were washed with phosphate-buffered saline (PBS) then complete DMEM without BrdU 
was added to the wells and infection was continued for another 24 hours. The supernatant was then 
harvested and cleared from cell debris by centrifugation at 500g for 5 minutes at 4 C°. Extracellular 
virions were then titrated on Vero cells and/or concentrated 2 hours at 18,000g and the viral pellets 
were resuspended in MNT then analyzed by Western blotting. 
 
II.1.4 Results 
Successful detection of mature HSV-1 enveloped virions by flow cytometry. We previously 
showed that we can detect HSV-1 non-enveloped nuclear capsids by flow cytometry despite being 
smaller than the theoretical resolution limit of 0.5 µm of most instruments (24). Since it is not 
possible to discern 100 µm from 200 µm particles, whether commercial beads or viruses, or the 
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background signal based on light scattering, we circumvented this issue in the past by GFP tagging 
nuclear capsids or by staining the viral genome with the nucleic acid Syto 13 dye, whose 
fluorescence is strongly stimulated when bound to nucleic acids. This not only allowed us to tell 
the capsids apart from the background but proved to be an efficient tool to efficiently enrich for so-
called C nuclear capsids, reaching 90% purity in a single purification step (24).  
To evaluate if mature enveloped virions could also be monitored by flow cytometry, we 
labelled them with the membrane-permeable Syto 13 along with control nuclear capsids or buffer 
alone. Figure 1A depicts our analysis strategy. As previously reported (24), background particles 
present in the 0.22 µm filtered PBS shield buffer were detected by light scattering, but were 
otherwise devoid of any intrinsic fluorescence (fig. 1B, panels a, b). Similarly, no significant 
fluorescent signal was detected when Syto 13 was added to buffer alone (4% of particles emitted 
light with a mean fluorescence intensity (MFI) of 780; fig. 1B, panels c-d). In contrast, the addition 
of Syto 13 to nuclear capsids nearly labelled 90% of the capsids and gave rise to 23 fold increase 
in fluorescence with a MFI of 17589 (fig. 1B, panels e-h). Interestingly, addition of Syto 13 to 
extracellular virions was equally efficient (87% efficiency) but only resulted in a 3 fold increase in 
fluorescence for a MFI of 2093 (fig. 1B, panels i-l). These results suggested that the viral envelope 
or density of the tegument layer partially perturbed the entry of Syto 13 in the viral particles and/or 
quenched its fluorescence. However, the signal was amply sufficient to detect, analyze and sort 
enveloped HSV-1 virions by flow cytometry.  
Since it was possible to detect Syto-stained virions by flow cytometry, we reasoned we could 
employ a different strategy to detect them by GFP tagging diverse virion components. As indicated 
in figure 2, extracellular mature virions encoding GFP tagged capsids (UL25-GFP), tegument 
proteins (VP11/12-GFP) or envelope proteins (GFP-gB) were all readily detectable by flow 
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cytometry over the background signal. Albeit this seemed less efficient than with Syto 13 stained 
virions, these findings paved the way for the analysis of the distinct tegument proteins present in 
extracellular virions. 
Flow cytometry quantification of viral particles. To define the usefulness of our flow cytometry 
approach, we fist confirmed that the GFP signals could quantitatively be detected. Not surprisingly, 
commercials beads using known relative amounts of GFP signal lead to a very linear detection by 
the flow cytometer (fig. 3A). This was largely expected since these beads are commonly used to 
calibrate those instruments. Thus, we could use flow cytometry to measure GFP signals embedded 
in virions. Next, we probed a battery of recombinant viruses coding for various GFP-tagged 
tegument proteins that are incorporated in virions (see Table 1 and fig. 3C). We also used two 
capsid controls, i.e. the K26GFP virus which tags the VP26 protein as well as GS4677, which 
encodes for UL25-GFP (Fig. 3B). Cells were infected with these recombinant viruses and the 
extracellular virions collected 18 hours later and analyzed by FACS. In all cases, the virions were 
initially detected by light scattering, gating on the bulk of the particles using the same gating 
strategies that excludes large aggregates as for figures 1 and 2. All individual particles were 
subsequently analyzed in the fluorescence channel (see Fig. 3B and C, dot blots), then focusing on 
the GFP positive particles (see Fig. 3B and C, histograms). For all recombinant viruses, clear 
signals were detected above the control untagged wild type virions. This was in full agreement with 
our previous report that particles as small as 100 µm could indeed be detected by flow cytometry 
(24). Note that UL25, which has previously been estimated at 60 copies (41) could also be detected. 
We concluded that flow cytometry can be used to analyze individual virions tagged for various 
components, even when low copy proteins are tagged. 
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Individual viral particles vary in their tegument content. Having established a method to 
individually analyze large numbers of HSV-1 virions, we proceeded to compare the tegument 
content of extracellular particles using the aforementioned battery of GFP tagged viruses. To this 
end, we characterized by flow cytometry 100 000 extracellular virions of each recombinant virus 
and calculated the variance of the GFP signals. Rather than employing the coefficient of variation 
of the mean (CV), we instead used that of the median (rCV), a more robust approach that naturally 
excludes outlying points that can strongly skew results. As control, we evaluated the rCV of UL25-
GFP tagged capsid component, since this capsid component is believed to be invariant in the virions 
(41). We finally performed statistical comparisons between the rCV obtained for various samples 
with that for the UL25-GFP virus to detect tegument proteins that may vary significantly among 
viral particles. Figure 4 reveals that the capsid and tegument components VP26, ICP0, UL37 and 
VP11/12 did not significantly differ from UL25 in variance. In contrast, VP16 and VP22 were much 
more variable among viral particles (p<0.01 and p<0.001 respectively). Thus, while some tegument 
proteins are incorporated in similar amounts among viral particles, VP16 and VP22 vary 
considerably from particle to particle. This was consistent with their much broader distributions in 
the GFP profiles, as opposed to the tight distribution for UL25 and VP26 (fig. 3A). 
 
VP16 and VP22 levels in virions appear to correlate with infectivity. The most critical question 
was whether the higher variability in VP16 or VP22 content in virions had any biological relevance 
or simply reflected a reduced stringency in copy numbers. We therefore exploited the power of 
flow cytometry to sort viruses based on tegument abundance. To this end, we harvested viral 
populations at the extreme ends of the tegument distribution curves and got viral stocks 
incorporating either the lowest or top 10% amounts of VP16 or VP22 (see schematic of this analysis 
73 
 
in fig. 5A). We then measured their efficacy to infect Vero cells in plaque assays, initially using 
the same number of FACS events to infect cells. Under these conditions, no differences were noted 
in plaque size, indicating that cell-cell spread was not impaired (fig 5B). However, modest but 
reproducible 2.5 to 4 fold differences in the number of plaque forming units were found (fig. 5C). 
In contrast, when the same experiment was done for the invariant UL37 tegument protein, selecting 
once again for viruses incorporating the lowest and top 10% levels of UL37, no differences in 
plaque size or infectivity were observed (fig. 5B-C). As expected, virions with high VP22 content 
appeared to contain an increased proportion of infectious particles (fig. 5D). Oddly, such difference 
was not statistically significant for VP16 but was reproducibly detected.  
In an effort to better understand why virions containing different amounts of VP16 or VP22 
differed, we considered the presence of doublets, aggregates and coincidental events in the high 
sorted fractions. Although sorting was performed under technical conditions that typically excludes 
such events (see materials and methods), we nonetheless used three independent approaches to rule 
them out. Given that forward scattering is an indication of size, while side scattering is rather 
suggestive of sample granularity and internal complexity, we first compared the light scattering 
profiles of the high/low fractions of VP16 and VP22 samples. Figure 6A (panels a, d and g) shows 
the typical profiles of viral particles prior to their sorting into high and low GFP content. To 
evaluate the properties of these sorted viral particles, we examined their light scattering profiles 
Panels b, e and h highlight the forward light scattering of these sorted particles, which is color 
coded for ease of analysis (orange for the lowest 10% GFP+ viral particles, blue for the highest 10% 
GFP+ viral particles, while black dots represent unselected particles not belonging to these two 
groups). Clearly, both GFP populations displayed similar forward scattering properties and thus 
were likely of similar size. Interestingly, viral particles containing more VP16/VP22 exhibited an 
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increased side scattering profile, presumably reflecting a greater complexity than their low 
counterparts (Fig. 6A, panels c, f and i). We conclude that viral particles containing high levels of 
tegument proteins are, by this criteria, of similar sizes as their low counterpart. We next performed 
a classical flow cytometry dilution analysis, which is based on the assumption that coincidental 
events would be detected at low sample dilution but would disappear when samples are highly 
diluted. In that case, the mean fluorescence intensities of the recorded events would be reduced by 
simply diluting the samples. Figure 6B shows that, as expected, diluting the viral stocks reduced 
the number of events recording by the instrument during the fixed 60 second analysis but only 
marginally altered the fluorescence levels of each of those events. These results are once again 
consistent with the conclusion that the analysis of individual viral particles was achieved. Finally, 
sorted viruses were analyzed by electron microscopy. As shown in fig. 6C, individual viral particles 
were readily detected with no evidence for viral aggregates. As expected, the bulk of these viruses 
shared the characteristics of mature virions with a DNA containing capsid and an envelope. We 
conclude that the higher FACS signals measured in the high fractions were unlikely attributed to 
aggregates, virion doublets or coincidental events.  
 
Higher infectivity of sorted viral particles is not explained by L-particles. Typical HSV-1 
preparations contain a proportion of so-called L-particles, non-infectious enveloped viral entities 
that are loaded with tegument proteins but lack a viral capsid or genome. It was therefore possible 
that the viral particles sorted above for their high tegument content proportionally contained less 
L-particles than their corresponding low tegument counterpart, which would therefore be less 
infectious. To rule out this scenario, we performed dual labelling of the tegument and viral genome 
using the GFP tagged viral strains and Syto dyes. Since GFP and Syto 13 share similar excitation 
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and emission profiles, we screened a panel of red emitting Syto dyes and identified Syto 61 as the 
best candidate (fig. 7A and data not shown). Since we wanted to isolate intact virions, we first 
examined if the membrane-permeable Syto 61 perturbs the virus. We consequently compared the 
plaque forming capacity of untreated or Syto 61 stained virions with various concentrations of the 
dye and found that it was well tolerated by the virions and had no impact on the ability of the 
viruses to propagate (fig. 7B), as did Syto 13 (data not shown). It was therefore possible to label 
with Syto 61 the viral genome of the above GFP recombinants and eliminate L-particles by first 
selecting Syto 61 positive events, then sorting GFP positive viral particles (see cartoon of the 
approach in fig. 7C). Syto 61 positive viral particles sorted for their high content of VP16 or VP22 
(fig. 7D) were again significantly more infectious than their low VP16 or VP22 virion counterparts 
(fig. 7E), reiterating the above findings and ruling out a significant implication of L-particles in the 
above results. We therefore concluded that particles sorted for their high VP16 or VP22 content 
seemed more infectious than particles containing lower amounts of the same proteins.  
 
Depletion of VP16 or VP22 in virions hints at a complex scenario. To orthogonally confirm our 
findings, we used a RNA interference strategy to lower the amounts of the proteins in the virions 
and assessed their infectivity, an approach we successfully used in the past for VP16 and several 
host proteins incorporated in virions (13, 42). As anticipated, siRNA targeting VP16 or VP22 
significantly reduced the level of expression of these proteins in infected cell lysates (fig. 8A). Not 
surprisingly, this resulted in a concomitant depletion of the proteins in viral particles produced on 
siRNA-treated cells (fig. 8B). Individual testing of the two siRNA used to block VP22 expression 
also led to reduced levels of VP22, albeit with different efficacies suggesting off target effect were 
not an issue (data not shown). We then proceeded to evaluate the infectivity of these extracellular 
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virions and found that the depletion of VP16 from the virus had a profound impact on its ability to 
form plaques (fig. 8C), in full agreement with the flow cytometry data. Unexpectedly, VP22 
depleted virions had the opposite effect on viral infectivity and exhibited an improved plaque 
forming capacity. Thus, while the amount of VP16 in virions directly correlated with the infectivity 
of the viral particles, a more complex situation seemed to prevail for VP22. 
 
The overall composition of the tegument can be altered by modulating single components. 
The tegument layer is the result of an intricate interconnectivity of its components, with the deletion 
of one tegument protein often impacting the incorporation of other viral proteins. We therefore 
asked whether tagging of the tegument proteins affected their level of incorporation but also that 
of other virion components. This was achieved by quantitative Western blotting of all the 
recombinant virions used in this study using a battery of antibodies (fig. 9). To insure equal 
numbers of viral particles were loaded, all values were normalized for VP5. These tegument/VP5 
ratios were then compared to their corresponding wild type strains (arbitrarily set at 1) to insure 
the data were not biased by strain considerations. Interestingly, tagging of the capsid protein VP26 
with GFP had no noticeable impact on its incorporation or any of the tegument proteins examined 
(fig. 9). Similarly, tagging of UL25 seemed to incorporate slightly less UL37 but had an otherwise 
normal complement of other tegument proteins. In sharp contrast, tagging of most other tegument 
proteins drastically reduced their incorporation and that of multiple other virion components. 
Interestingly, while tagging of VP11/12 at either the carboxyl or amino-terminal end yielded 
similar results, this was clearly not the case for ICP0, with the ICP0-GFP105 virus seemingly having 
a normal composition while the ICPO-GFP12 virus had a profoundly distinct virion content, 
suggesting a positional effect of the GFP moiety. Altogether, these results indicated that large tags 
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such as GFP can impair the incorporation of the labelled proteins but can also alter the overall 
composition of viruses. We consequently conclude the observed impact of VP22 on infectivity was 
likely indirect and due to several factors subsequent to the overall change in virion composition.  
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Vero cells were infected with wild type HSV-1 at an MOI of 5 for 18 hpi. Extracellular virions 
were stained with 1 µM Syto 13 and analyzed by flow cytometry. (A) Schematic description of the 
gating strategy. Note that aggregated particles were first excluded by gating them out in the SSC 
versus FSC plots and by specific flow cytometry parameters (see materials and methods). (B) The 
left panels for each condition (dot plots) show the fluorescence profiles of all non-aggregated 
particles while only Syto 13+ samples (fluorescence above the buffer control) were considered in 
the right panels (histograms). Percentages in the panels denote the amount of Syto 13 positive 
Figure. 1 : Analysis of syto stained HSV-1 virions by FACS. 
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particles relative to the starting population, which includes inert particles inherently present in the 
FACS buffer (356). Meanwhile, the mean fluorescence signal (MFI) is only that of the Syto 13+ 
viral particles. 
Vero cells were infected with wild type HSV-1 (untagged) or fluorescent recombinant viruses 
tagging the viral capsid (UL25-GFP), the tegument (VP11/12-GFP) or envelope (GFP-gB) at an 
MOI of 5 for 18 hpi. Virions were diluted and directly analyzed by flow cytometry. (A) Schematic 
description of the gating strategy. Virion aggregates were first removed by gating them out and 
Figure. 2: Analysis of GFP tagged virions by FACS. 
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GFP+ particles analyzed. (B) The proportion (%) and mean fluorescence levels (MFI) of the GFP 
particles are indicated in each panel (average of 3 independent experiments). As above, these 
percentages denote the amount of GFP positive particles relative to the starting population, which 
includes inert particles inherently present in the FACS buffer (24). Meanwhile, the mean 
fluorescence signal (MFI) is only that of the GFP+ viral particles. Note the sharp edge of the left f 
the GFP histograms, a direct consequence of the gating. 
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(A) Linear detection of AcGFP Flow Cytometer Calibration Beads analyzed by flow cytometry 
using a 488 nm laser line.  (B, C) Extracellular virions were purified from wild type (i.e., non-
fluorescent) infected cells or from cells infected with fluorescent recombinants viruses and 
Figure. 3: Flow cytometry detects all structural constituents of the virus. 
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examined by flow cytometry as above. The left panels show total individual particles (i.e. excluding 
aggregates) while the right panels show the histograms profiles of the GFP-positive gated material 
for each virus. The mean fluorescence signal (MFI) and the proportion (%) in each panel is the 
average of 4 independent experiments. Once again, these percentages denote the amount of GFP 
positive particles relative to the starting population, which includes inert particles inherently 
present in the FACS buffer (24). Meanwhile, the MFI is only that of the GFP+ viral particles. Once 
again, the sharp edge of the left of the GFP histograms is a direct consequence of the gating rather 
than a binomial distribution of the signal. 
 
Extracellular virions were purified from wild type (i.e., non-fluorescent) infected cells or from cells 
infected with the indicated fluorescent recombinant viruses and analyzed by flow cytometry. 
Tegument variability was measured by the coefficient of variability based on the medians (% rCV). 
Error bars represent the standard deviation of 4 independent experiments. Student T tests were 
performed to analyze the significance of the data (** p<0.01; *** p<0.001). 
Figure. 4: Variability of the tegument among individual viral particles. 
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Extracellular virions were purified from cells infected with K37eGFP, VP16-GFP or GFP-VP22 
viruses and sorted by flow cytometry as above for their low or high levels of UL37, VP16 or VP22 
respectively. (A) Schematic description of the gating strategy applied for Sorting of viruses by 
FACS. Virion aggregates were first removed by gating them out. (B, C) Viral spread of the sorted 
viruses. The infectivity of the sorted virions was assessed by plaque assays on Vero cells and plaque 
Figure. 5: VP16 and VP22 abundance correlate with infectivity. 
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size (B) and abundance (C) were evaluated. (D) PFU to genome copy ratios. The ratio of 
PFU/Genome Copies was obtained by dividing the PFU values obtained above by the 
corresponding values of genome copies measured by q-PCR for the same viral samples. Error bars 
represent the standard deviation derived from 3 independent experiments and analyzed with the 




(A)  Extracellular virions were purified from cells infected with VP16-GFP or GFP-VP22 viruses 
Figure. 6: Sorted viruses are single viral particles. 
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and then sorted by flow cytometry as above for their low or high levels of VP16 or VP22 content 
respectively. All panels are only GFP+ particles, i.e. already depleted of aggregates and non-
fluorescent components. FSC-H and FSC-A are respectively the height and area under the curve of 
the forward scattering signal, while SSC-A measures the area under the side scattering signal. 
(Orange: particles with the lowest 10% GFP signal, blue: particles with the top 10% GFP signal; 
black: particles exhibiting an intermediate GFP signal and not subsequently analyzed). The linear 
edges around the dot blots reflect the gate used to sort the samples. (B) Extracellular virions purified 
from infected cells were first diluted 1:50 then serial dilutions of 1:2 were prepared and analyzed 
by flow cytometry by continuous recording of events during a fixed time (60 sec in these 
experiments). (C) Sorted viruses were concentrated on 0.1 µm filter and the filter then embedded 
and processed for electron microscopy (see Materials and Methods). For clarity, the presence of a 
capsid with its envelope is indicated by asterisks. Bars represent 100 nm.  
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(A) Staining of virions with Syto 61. Vero cells were infected with untagged wild type viruses at 
Figure. 7: Difference in infectivity is not linked to L-Particles. 
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an MOI of 5 for 18 hpi. Purified extracellular virions were stained with 1 µM Syto 61 or mock 
treated and analyzed by flow cytometry. Aggregates were gated out and Syto 61 fluorescence 
evaluated. The percentages denote the amount of Syto 61+ particles relative to the starting 
population, which includes inert particles inherently present in the FACS buffer (356). Meanwhile, 
the mean fluorescence signal (MFI) is only that of the Syto 61+ viral particles. (B) Syto 61 does 
not affect the viability of the stained virions. Wild type strain F extracellular virions were stained 
with 0 to 5 µM Syto 61 for 1h at 4°C. The viability of the Syto 61 labeled virions was assessed by 
standard plaque assays. For comparison, the number of plaques obtained for the untreated sample 
was set at 100%. Error bars represent the standard deviation of 2 independent experiments. (C) 
Schematic description of the approach to deplete L-particles and enrich for heavy particles (H-
particles). Once aggregates were gated out (left most panel) VP16-GFP or GFP-VP22 Syto 61 
positive events were selected to exclude L-particles (second panel from the left). A second gating 
was then applied to select GFP positive particles (third panel from the left). The samples were 
finally sorted on the basis of their low or high levels of VP16 or VP22 (right most panel). As before, 
all sorting took place under conditions where only single individual viral particles were present 
(see materials and methods). (D) Sorting of DNA containing GFP positive virions. High and low 
containing viral particles were sorted according to the scheme depicted in panel C. Percentages 
denote the amount of GFP+ particles, which only includes heavy particles with a potential 
contamination by a mere 5-6% by L-particles. Alternatively, these values could also be H-particles 
that were not labelled with the Syto 61 dye. (E) Infectivity of the sorted virions. The infectivity of 
the Syto 61+/GFP+ sorted virions were assessed by plaque assay on Vero cells. Error bars represent 




143B cells were transfected for 48 hours using pepmute with a unique RNAi against VP16 or two 
pooled siRNA targeting VP22. Cells were then infected with HSV-1 KOS at an MOI of 5 for 24 
hours. (A) Immunoblot of mock treated or siRNA transfected and HSV-1 infected cell lysate. 
Thirty micrograms of cell lysate were separated by SDS-PAGE, transferred to PVDF membrane 
and probed with antibodies against VP16 and VP22. Calnexin was used as a loading control. (B) 
Impact on VP16/VP22 incorporation in virions. The amount of VP16 or VP22 in extracellular 
virions produced by cells transfected with the indicated siRNA was evaluated by Western blotting 
in 5 independent experiments, each normalized to the untreated sample (i.e. pepmute set at 100%). 
(C) Impact on infectivity. The infectivity of the VP16 or VP22 depleted extracellular virions was 
assessed in standard plaque assays. Error bars represent the standard deviation of 3 independent 
experiments (* p<0.05; ** p<0.01).  
Figure. 8: Analysis of VP16 and VP22 siRNA depleted virions. 
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(A) Western blot analyses. Extracellular virions indicated at the top of the blots were purified from 
infected cells and analyzed by Western blotting using antibodies indicated to the right of each blot. 
(B, C) Tegument quantification. The amounts of various tegument proteins present in virions 
tagged on the capsid (B) or the tegument (C) were determined by quantitative Western blots. The 
Figure  9: Interconnectivity of the virion components.  
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data were normalized to VP5 to insure even loading of the gels. These tegument/VP5 ratios were 
finally compared to those of wild type of each strain, arbitrarily set at 1, to avoid biases among 
viral strains. Error bars represent the standard deviation of 3 independent experiments. Student T 
tests were performed to analyze the significance of the data (* p<0.05; ** p<0.01; *** p<0.001). 
Note that throughout this study, a ChemiDoc was used, not film which is notoriously non-linear. 
 
II.1.5 Discussion 
The power of flow cytometry. One limitation to characterize the heterogeneity of viral particles 
has been the limited tools to examine them individually, with the notable exception of labor-
intensive electron microscopy and more recently fluorescence microscopy. The present study 
meaningfully contributes to these past findings in several ways. First, we probed by flow cytometry 
100,000 particles, adding a significant level of power to such analysis. Secondly, we quantitatively 
looked at the protein content of individual viral particles, not entire viral populations as is typically 
the case for Western blotting, biochemical assays or mass spectrometry. Third, unlike the above 
studies, we could directly correlate protein content changes to individual virion infectivity. Finally, 
the present work looks at a large picture by probing the impact of the modified protein on the 
overall composition of the virus. This, in principle, enables a much better view of the real 
consequence of manipulating virion content even if only altering one viral protein. Thus, our flow 
cytometry analysis of individual viral particles is clearly a very useful technical advancement, but 
also leads to very relevant information. 
Our previous (24) and present work shows that it is possible to detect, analyze and sort 
individual viral intermediates, including mature virions, despite their limited size below the 
theoretical detection limit of most FACS instruments. These viral particles can either be labelled 
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with membrane permeable Syto reagents, which emit fluorescence when bound to nucleic acid, or 
by genetically tagging various virion components with a fluorescent molecule. Interestingly, flow 
cytometry appears insensitive to the location of the tags in the virions as DNA, capsid, tegument 
and envelope proteins could all be detected. This is not surprising since this methodology has been 
used to monitor both cell surface markers as well as internal molecules, either fluorescently labelled 
or through detection with antibodies following permeabilization of the cells. Consequently, the 
location of a given GFP tagged protein in the virion, for instance an inner or outer tegument protein, 
should have no bearing on its detection. These findings enabled us to individually and statistically 
probe the relative amounts of tegument proteins among very large numbers of viral particles. This 
unique advantage over existing methods is a very useful tool to explore the variability of virions in 
terms of their protein content, in addition to being a very efficient way to purify viral intermediates.   
 
Variability of the tegument. The HSV-1 tegument proteins UL37, ICP0 and VP11/12 did not 
statistically vary any more that the UL25 capsid proteins or VP26 for that matter. Nonetheless, the 
data suggest some level of variability. Whether this reflects real biological variability is not known. 
Intuitively, one expected no variation at all for VP26 if it is incorporated in a unique stoichiometry 
into the capsid. We were thus initially surprised by its rCV values. However, we find the same 
variability as Smith and colleagues (19) using fluorescence microscopy, who reported a variance 
of 0.48 while we got 0.53 (i.e. 53%). On the other hand, the variance of VP26 is clearly more 
restricted than that of VP22 and VP16 (see the tight bell curves for VP26 in figure 3B, panel D 
compared to others). The question remains though. Why this variation? Perhaps, the stoichiometry 
of VP26 is not as fixed as expected, as evidenced by the lower incorporation of GFP tagged the 
corresponding UL25 in PRV particles (43) or alternatively, that the technology we both used (i.e. 
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fluorescence) has limitations. Albeit unanticipated from past findings, this may nonetheless be 
significant. One case in point is the UL17/UL25 complex, which was first thought to specifically 
label C-capsids, but has since been found on other nuclear capsids, albeit at lower levels (44-46). 
Interestingly, VP22, and to a lesser extent VP16, fluctuated significantly more among viral particles 
than the above proteins. This is in agreement with a quantitative mass spectrometry study of 
VP13/14, VP22 and US3 PRV deletion mutants, which hinted that VP1/2 and VP13/14 are 
incorporated in virions in fixed amounts, while VP11/12, VP16, and VP22 are present in variable 
quantities (22). This scenario is also consistent with work by Smith and colleagues who found by 
fluorescence microscopy some heterogeneity of specific PRV tegument proteins among viral 
particles (19). Finally, our data are in line with various reports that indicate VP22 varies much more 
than other tegument proteins, with wildly ranging estimates of 450 to 2640 copies per HSV-1 viral 
particles (15, 17, 18). Altogether, this reiterates the value of flow cytometry to quantitatively assess 
virion content.  
The variability of some tegument proteins and not others is intriguing. Interestingly, 
tegument variability map to abundant tegument proteins but it is difficult to ascertain whether this 
is purely coincidental. A potential scenario may be that the outer tegument is spatially less stringent 
in the outskirt of the viral particles and/or is less organized there, allowing for more versatility in 
the copy number of proteins such as VP16 and VP22. This would contrast with inner tegument 
proteins, which interact with the highly structured viral capsid. This is consistent with the reported 
greater incorporation of the outer VP22 tegument protein in virions when overexpressed and the 
stable incorporation of the inner UL37 tegument protein under similar conditions (20, 21). Clearly, 
more spatial information on the arrangement of the tegument layer is required to fully assess this 
possibility. An alternative view is that some of the tegument variability is caused by unspecified 
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mutations in some of the viral strains used in this study, particularly bacmid-derived strains. While 
most of them have been characterized (see references in Table 1), full sequencing data is not yet 
available. An interesting and additional aspect is tegument variability and overall protein 
composition of virions produced in various cell lines, which clearly add another layer of complexity 
to the present findings (47). 
Interdependence of tegument components. Tagging virions with GFP often impacts viral fitness 
to the point that some proteins cannot readily be tagged without consequences (48, 49). This implies 
a negative effect of the tag on the organization of the virions and/or function of the labelled 
proteins. The present study confirms this and shows that the GFP moiety can have consequences 
for other tegument components. Hence, while GFP labelling of VP26, UL25, or ICP0 at position 
105 but not position 12, had minimal impacts on the composition of the viruses, the coupling of 
GFP to most tegument proteins clearly reduced their recruitment and limited the incorporation of 
several other viral proteins. Moreover, this does not even take into account untested viral tegument 
proteins as well as the many host proteins that are incorporated in mature viruses (1, 13). Thus, the 
impact of one molecule on other virion proteins may even be greater than reported here. An 
interesting point is the low incorporation of GFP tagged ICP0. It might mean that its incorporation 
into virions is optional or that it is not rate limiting and consequently little is required to initiate the 
infection. 
 
Absolute values of individual tegument proteins. The present study reports the relative amounts 
of tegument proteins, which has proved very useful to evaluate tegument variability among viral 
particles. Unfortunately, it has not been possible to define absolute copy numbers, albeit it was one 
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of our original goals. Apparently, GFP fluorescence varies by as much as 10 fold depending on the 
size of the tagged proteins, with large proteins being comparatively less fluorescent (personal 
communication by John Nolan). For this reason, commercial beads with defined absolute GFP copy 
numbers cannot be used as standards to determine absolute tegument copy numbers. Consequently, 
it would not be possible to tag one viral component, for example VP26, to evaluate the precise 
numbers of another virion component. However, as shown in figure 3B, it is readily possible to 
monitor abundance by measuring relative copy numbers of a given protein under different 
conditions, which is precisely what we did. It remains to be seen whether a different tagging 
strategy could circumvent this limitation.  
 
Biological relevance of tegument heterogeneity. Our flow cytometry and RNA interference 
findings show a clear correlation between VP16 abundance in virions and infectivity. One plausible 
explanation rests with the trans-activating properties of VP16, where presumably more of the 
protein in the incoming virions should stimulate the infection if it is rate limiting. This is consistent 
with the boosting impact that L-particles, which contain tegument proteins, have on the 
“infectivity” of transfected viral DNA (i.e. devoid of tegument), but their lack of stimulation when 
used in parallel with viruses containing a full set of tegument proteins, especially at high 
multiplicities of infection (23). Given the 73% reduced levels of VP16 in the VP16-GFP 
recombinant viruses compared to its wild type counterpart, VP16 levels in this recombinant virus 
may indeed be suboptimal. Rather than being a caveat, this instead allowed us to appreciate its 
critical role in the incoming viruses early during the infection, particularly since it is otherwise a 
late protein. Alternatively, or perhaps additionally, this study may point to the contribution of other 
virion components whose levels are indeed altered in the VP16-GFP viruses (this study) or the 
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many host and viral proteins that have recently been shown to interact with VP16 (50). However, 
resolving this issue constitutes a significant challenge that will require multi-parametric 
approaches. 
Regarding the HSV-1 VP22 tegument protein, our flow cytometry data initially suggested a 
direct link between infectivity and VP22 abundance. However, down regulating VP22 in virions 
by RNA interference resulted in a surprising increase in infectivity, in apparent contradiction with 
the above findings. The simplest interpretation is thus that VP22 abundance per se is not the main 
or sole contributing factor to viral fitness. In the present context, it is worth noting that although 
the levels of VP16 were statistically unaltered in the GFP-VP22 recombinant viruses, they 
nonetheless were reproducibly reduced. That VP22 interacts with the trans-activating domain of 
VP16 and has been postulated to modulate its function is also of particular interest (51). Moreover, 
VP22 has been implicated in the optimal localization and expression of several viral proteins or 
their incorporation into mature virions, including VP16 (52-54). Furthermore, it is possible that 
viruses sorted for their high levels of VP22 also contained more VP16, hence promoting viral 
infectivity. To address this latter possibility, we attempted to compare by Western blotting the 
compositions of the flow cytometry sorted VP16-GFP or GFP-VP22 with that of untagged virions. 
Unfortunately, this proves technically problematic as we estimated that 6 days of continuous 
sorting were required to produce sufficient material, since this approach generates highly diluted 
samples and significant losses of material in subsequent concentration steps (data not shown). We 
therefore cannot tell at this point if viral particles loaded with more VP22 were more infectious 
based on their VP16 content or activity and/or other proteins. 
The minimal differences reported here in infectivity may seem unconvincing to some used 
to log differences. However, such small differences may nonetheless be significant. One appealing 
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outcome of the present work is the potentially preferential infection of cells by the fittest viral 
particles. This would be consistent with reports indicating that both neuronal and non-neuronal 
cells are typically infected by only a few HSV-1 virions (55-57). Similarly, a 2-3 fold advantage 
may be sufficient to preferentially promote the spread of the fittest virions in their hosts. However, 
an open question is how such a selection might operate, but resolving this issue may be challenging 
given the complex interconnectivity of the tegument proteins and the impact of GFP tags on the 
overall composition of virions. One other major difficulty is to evaluate the impact of tegument 
variability in vivo, i.e. in animal models, since every new round of infection will generate some 
diversity among the viral particles even if we infect the animals with homogenous viral stocks. 
Thus the infection of animals with FACS sorted virions would quickly lead to a heterogeneous 
viral population, likely masking any phenotype linked to tegument amounts. Some ingenuity would 
therefore be required to solve this difficult puzzle.  
 
Concluding remarks 
Overall, the present study quantifies the generally accepted concept whereby viral fitness is 
not merely dependent on the genetic makeup of viruses but also in the precise levels of proteins 
that are incorporated into the viral particles. A second important aspect of this work is that 
modulating a single virion component can have profound impacts on the overall composition of a 
virus. Although the present study focuses on HSV-1, it likely applies to other members of the 
herpesvirus family, all complex entities containing a great number of components in their mature 
particles. Altogether, this opens up new research avenues to address the virulence of HSV-1 and 
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Virus Strain Tagged protein Reference 
HSV-1 GS4677 F UL25 – GFP unpublished 
HSV-1 GS3351 F GFP - VP11/12 (256, 623) 
HSV-1 GS2971 F GFP - gB (623) 
HSV-1  0+ GFP 12 KOS ICP0 - GFP 12 (624) 
HSV-1  0+ GFP 105 KOS ICP0 - GFP 105 (624) 
HSV-1 K26GFP KOS VP26GFP (625) 
HSV-1  K37eGFP KOS UL37eGFP (626) 
GHSV-UL46 KOS VP11/12 - GFP (627) 
HSV-1 VP16-GFP 17 VP16 - GFP  (628) 
HSV-1 GFP VP22 17 GFP - VP22 (629) 
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Herpes simplex virus has a complex life cycle that includes the production of distinct 
particles in the nucleus, where new capsids are assembled. Among these nuclear capsids, 
procapsids are devoid of nucleic acid but contain large amounts of the preVP22a scaffold protein. 
These thermo-unstable particles then mature into A-, B- or C-nuclear icosahedral capsids, 
depending on their ability to shed the proteolytically processed scaffold and incorporate the viral 
genome. Interestingly, C-capsids are preferentially exported to the cytoplasm and ultimately give 
rise to infectious virions. While A-, B- and C-capsids share several components, their distinct fate 
hints at meaningful differences. To probe them, we performed proteomics studies of highly 
enriched nuclear capsids, relying in part on flow virometry to purify C-nuclear capsids. We found 
that while many proteins are indeed common among these nuclear capsids, they exhibit unique sets 
of proteins. These naturally include viral proteins but also many cellular proteins. 
Importance 
Much is known about the biology of herpesviruses. This includes their unique ability to 
traverse the two nuclear envelopes by budding and fusion respectively. For HSV-1, this implies 
the involvement of the pUL31/pUL34 and pUL17/pUL25 complexes that may favor C-capsid 
egress. However, this selection process is not clear, nor are all the differences that distinguish A-, 
B- and C-capsids. The present study unveils what proteins compose these capsids, including many 
unexpected host proteins. This should open up new research avenues to clarify the biology of this 
most interesting family of viruses. It also reiterates the use of flow virometry as an innovative tool 




Herpesviruses replicate their genome and assemble new capsids in the nucleus. Given their 
large dimension and the restrictive size of nuclear pores, these capsids reach the cytoplasm by non-
conventional means implicating a budding step through the inner nuclear membrane that produces 
primary enveloped virions in the perinuclear space (1). These transient viral intermediates rapidly 
fuse with the outer nuclear envelope to yield naked cytoplasmic capsids. Ultimately, those capsids 
are re-enveloped and acquire their mature envelope from the cell (2). For herpes simplex virus type 
1 (HSV-1) and the related pseudorabies virus (PRV), the viral proteins pUL31, pUL34 and pUS3 
as well as the host proteins PKC, torsin A and SUN2 play a role in nuclear egress (3-9). However, 
very little is known of this viral egress pathway and additional research is required to decipher how 
these viruses escape the nucleus. A better understanding of the proteins present on the nuclear and 
perinuclear capsids may be very useful in this respect. 
A relevant issue regarding HSV-1 propagation is the generation of parallel forms of viral 
particles in the nucleus, namely procapsids as well as A-, B- and C-capsids. These all share the 
basic components of the capsids, in particular the major capsid protein VP5 (encoded by the viral 
gene UL19), the minor VP19C (UL38), VP23 (UL18), VP26 (UL35) proteins as well as the pUL6 
portal protein (10, 11). However, these capsids differ in a number of ways. As recently reviewed 
(12), procapsids are spherical and thermo-unstable entities devoid of DNA but containing the pre-
VP22a scaffold protein (10, 13). They are believed to be the precursors of the other three-capsid 
types, which arise when the newly duplicated concatemeric viral genome is cut into monomers, 
incorporated in the newly synthesized capsids and the capsid harbors an icosahedral shape (10, 14). 
Concomitantly, the viral protease PRA cleaves the scaffold into VP22a and a small 25 amino acid 
carboxyl terminal peptide (15, 16). PRA, which is co-expressed in frame with pre-VP22a using a 
110 
 
preceding start codon and consequently sharing many amino acids, cleaves itself into VP24, VP21 
and the aforementioned carboxyl terminal fragment (15, 17). While A-, B- and C-nuclear capsids 
co-exist, A-capsids are considered abortive as they fail to incorporate the viral genome (18). They 
do nonetheless process and shed the scaffold and PRA but may contain some VP24 (11). For these 
reasons, A-capsids are somewhat translucid by electron microscopy when negatively stained (19). 
On the other hand, the scaffold and viral protease are also processed in B-capsids but without 
shedding or viral DNA incorporation (20). They arise when DNA cleavage and packaging are 
aberrant (12) and, upon negative staining, these capsids are rather greyish by electron microscopy 
(19). Finally, C-capsids, which are electron dense, are nuclear capsids that shed their cleaved 
scaffold, retain the VP24 protease fragment and incorporate viral DNA monomers (11, 19, 21). 
Only nuclear C-capsids ultimately give rise to fully mature and infectious virions. One open issue 
is whether the C-capsids differ from A- and B-capsids in other ways and whether they might 
specifically interact with cellular proteins within the nucleus. 
Work by several laboratories including ours has indicated that C-capsids are preferentially 
released by the nucleus in infected cells as well as in an in vitro nuclear egress assay (1, 22, 23). 
This raises the question as to why they are favored over A- or B-capsids. Initial findings by Baines 
and colleagues suggested that the pUL17/pUL25 complex, initially dubbed C-capsid specific 
complex (CCSC) (24), may promote the interaction of C-capsids with pUL31 (25), a member of 
the nuclear egress complex (NEC) that is essential for nuclear viral exit (3, 4). Subsequent work, 
though, revealed the concomitant presence of pUL17/pUL25 on A- and B-nuclear capsids, albeit 
in lower stoichiometry than on C-capsids, leading to the renaming of the CCSC into the capsid 
vertex-specific complex (CVSC) (26, 27). Meanwhile, the pUL36 tegument protein has been 
shown to stably anchor the pUL17/pUL25 complex onto the capsids and is now considered a 
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member of the CVSC (12, 28, 29). Given the presence of the CVSC complex on all three nuclear 
capsid types, this implies the participation of molecules other than pUL17, pUL25 or pUL36 in the 
preferential egress of C-capsids. Clearly, HSV-1 nuclear egress is not yet fully understood. 
Determining the precise composition of the A-, B- and C-nuclear capsids may therefore be 
informative.  
Along its egress pathway, HSV-1 sequentially recruits some two dozen distinct viral proteins 
and possibly as many as 49 host proteins (30, 31). While it is not clear where the aforementioned 
host proteins are recruited onto the capsids, most viral proteins that constitute the so-called 
tegument layer are likely incorporated on the maturing viral particles while they transit in the 
cytoplasm. Many of these tegument proteins may additionally be recruited onto the capsids during 
their final envelopment by virtue of their interactions with the viral glycoproteins accumulating, 
for instance, at the TGN (32). In contrast, some viral tegument proteins, such as ICP0, ICP4, pUL36 
and pUL37, have been reported on nuclear capsids and may constitute the “primary” nuclear 
tegument (33). This does not, however, exclude that these molecules may be coating the capsids in 
more than one cellular compartments. Greater scrutiny of the tegumentation process is therefore 
required to determine where each tegument component is targeted to the viral capsids. 
To address how newly assembled C-capsids selectively escape the nucleus, define how they 
may differ from A- and B-nuclear capsids, probe their primary nuclear tegument and how they 
mature in the course of an infection, we evaluated by proteomics the protein content of all three 
thermostable forms of nuclear capsids from wild-type HSV-1 infections. While A- and B-nuclear 
capsids isolated from classical sucrose gradients were relatively pure, C-capsids were substantially 
contaminated by B-capsids by this approach. We therefore combined those density gradients with 
a novel flow virometry approach we developed for HSV-1 to enrich the DNA containing C-capsids 
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to high purity. We now report a mass spectrometry analysis of the composition of these capsids 
from three independent experiments and stringent scoring conditions. By and large, the viral 
protein content of the A-, B- and C-capsids was similar in many respects and in agreement with 
past findings. Unexpectedly, a few viral proteins were only reproducibly seen in A- or C-capsids 
and sixty-four host proteins were additionally detected on the various capsids, nineteen of which 
were present on all three nuclear capsid types. These included several ribosomal and RNA binding 
proteins as well as histones and hnRNP components. While the biological significance of these 




Purification of HSV-1 nuclear capsids. Given our interest in the human proteins that could 
be present in the nuclear capsid samples, the nuclear capsids were prepared from wild-type HSV-
1 infected HeLa cells, as for our previous proteomic study of mature extracellular virions (30). 
Naturally, it was imperative that the samples be as pure as possible. To achieve this, we first 
purified intact nuclei from infected cells to limit cytoplasmic and extracellular contaminants, an 
approach we successfully used in the past (22, 23, 33). Second, we relied on 20-50% sucrose 
density gradients, a classical approach to purify HSV-1 A-, B- and C-nuclear capsids (34). Third, 
to insure that these were not stripped of their tegument (33, 35, 36), we prepared the gradients in 
physiological salt concentrations using a so-called low-salt TNE buffer (33). Isolated nuclei were 
therefore resuspended in low-salt TNE and broken mechanically by freeze-thawing, DNase treated 
and sonicated. To further improve purity, the samples were first overlaid onto a 35% sucrose 
cushion prior to being separated onto a 20-50% continuous sucrose gradient. This overall strategy 
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is detailed in figure 1. As expected, the gradients exhibited A, B and C bands for infected samples, 
while no such band was visible for an equal number of mock-infected cells (fig. 2A and data not 
shown). 
The viral bands were carefully picked and, as controls, the same locations were harvested 
from identical gradients prepared from uninfected cells. To monitor sample purity, all samples were 
analyzed by SDS-PAGE and silver staining, loading equal protein amounts in the case of the 
infected samples. For the mock samples, the same volumes were used as the corresponding infected 
bands, since we anticipated much lower protein levels (e.g. same volume of mock A as for A-
capsids and so on). As shown in the figure 2B, some host proteins with similar density as the viral 
capsids were detected by silver staining. However, more intense and numerous bands were seen in 
the viral samples, suggesting a good capsid enrichment. Moreover, many common bands were 
visible in the infected samples, including the expected capsid components pUL19 (VP5), pUL38 
(VP19c), pUL18 (VP23) and pUL35 (VP26) (10). To evaluate the purity of these capsid 
preparations, the three sucrose bands were examined and quantified by negative staining and 
transmission electron microscopy. The data revealed that the A- and B- fractions were in fact 
relatively pure in terms of capsids but also of large contaminants (fig. 2C; Table 1). In contrast, 
nearly 30% of the capsids in the C- fractions were in fact B-capsids. It was therefore essential to 
further purify the C-capsids prior to analyzing them by mass spectrometry. 
 
Flow virometry enrichment of C-nuclear capsids. Flow virometry, a term coined by Grivel 
and colleagues (37), is an innovative and efficient method to characterize and purify individual 
viral particles, as recently reviewed (38). We previously reported that HSV-1 nuclear C-capsids 
can indeed be sorted to 90% purity by GFP tagging one of the viral structural proteins or by 
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labelling the viral genome with Syto 13, a membrane-permeable nucleic acid dye with low 
fluorescence when unbound (39). The same strategy successfully works for fully mature 
extracellular virions (40). To validate the usefulness of this approach in the present study, the A-, 
B- and C- sucrose gradient fractions were briefly incubated with Syto 13 and analyzed by flow 
virometry. Under these conditions, only background fluorescence was noted in the A- and B-
fractions, in agreement with the above EM results (fig. 3A, panels a-d) with mean fluorescence 
intensities (MFI) of 2,396 and 2,459 without Syto 13 and 3,173 to 3,240 in the presence of Syto 13 
respectively. Similarly, less than 1% of the C-capsids were only weakly fluorescent in the absence 
of Syto 13 (MFI = 6,099). By comparison, incubation of PBS with Syto 13 without any capsids led 
to an MFI of 829. In contrast, 82% of the particles from the C-fraction were strongly fluorescent 
when incubated with Syto 13 (MFI = 33,258; fig. 3A, panels e and f). To isolate C-nuclear capsids 
with the highest possible purity, we therefore opted to combine the sucrose gradients with flow 
virometry, gating on the Syto fluorescent signal as schematically depicted in figure 3B. Hence, C-
capsids harvested from the gradients were incubated with Syto 13 and sorted by flow cytometry. 
Upon quantification of the negatively stained capsids by electron microscopy (fig. 3C), nearly all 
capsids were C-type capsids (96%), with few contamination (A-capsid: 0%; B-capsids: 4%; 
n=508). With this level of purity, it was now possible to proceed to mass spectrometry. 
 
Mass spectrometry of A-, B- and C-nuclear capsids. To circumvent possible differences 
among sample preparations, the three nuclear capsid types were prepared on sucrose gradients from 
three independent experiments, followed by flow virometry in the case of C-capsids. It should be 
noted that the Syto 13 dye is not protein-based and consequently did not “contaminate” our 
proteomics analyses. Despite the presence of minor amounts of proteins in the mock samples (fig. 
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2B), the latter were prepared in parallel using the corresponding sucrose fractions. However, the 
“mock C-fraction” was not processed by flow virometry since unstainable with Syto 13. All 
triplicate samples (7 μg per sample) and mock controls (same volume as the infected samples) were 
sequentially injected into a LC-MS/MS spectrometer and their protein content identified using a 
hybrid human/HSV-1 database (see materials and methods). Stringent conditions were used to limit 
false negatives (95% protein and peptide probabilities and a minimum of 2 peptides). Under these 
conditions, 87 different host proteins were identified in the uninfected samples (fig. 4). Oddly, 55% 
of those contaminants (48 out of 87) were common to the various mock samples despite coming 
from different portions of the density gradients (fig. 4). These contaminants included a vast array 
of proteins with distinct functions (e.g. annexins, integrins, keratins, protein disulfide-isomerases 
and many others; Table S1). It should be noted that these proteins were overall 10 fold less 
abundant than the proteins in the viral samples (average of 2,160 total spectra for each mock sample 
compared to an average of 20,748 for each infected sample). While present, these irrelevant cellular 
proteins were consequently only minimally abundant. 
As anticipated, no viral protein was identified in any of the mock samples. Upon examining 
the viral protein content of each capsid type, a good reproducibility was observed among the 
triplicate experiments (fig. 5A). For instance, 76.5% of the proteins (26 out of 34) were noted in 
the three A-capsid isolates (A1, A2, A3). Similarly, 65.6% and 69.7% of the proteins were 
identified the B- and C-capsid isolates respectively (B1, B2, B3 or C1, C2, C3). For host proteins, 
these values were slightly lower at 43.2% (38 out of 88 in A1, A2, A3), 52.0% (B1, B2, B3) and 
48.6% (C1, C2, C3) (fig. 5B). Most notably, 86-92% of the proteins found in the mock A (73 out 
of 79), B (72 out of 84) or C (60 out of 68) fractions were absent in the viral samples, hinting at 




Viral protein content of the nuclear capsids. For maximal stringency, we opted to consider 
only the proteins consistently found in all three independent replicates. When doing so, a total of 
26 viral proteins were reproducibly identified in A-capsids, while 21 and 23 viral proteins were 
reproducibly found in B- and C-capsids (fig. 5A). Most interestingly, 62.1% of those proteins were 
common to all three capsid types (18 out of 29; fig. 5A, rightmost Venn diagram). Those included 
the expected capsid components pUL18 (VP23), pUL19 (VP5), pUL35 (VP26), pUL38 (VP19c) 
as well as the pUL25 capsid vertex component and pUL6 portal (fig. 6 and supplementary Table 
S2). To our surprise, the capsid vertex component pUL17 partner was only consistently detected 
on A- and C-capsids. As mass spectrometry cannot distinguish the highly related viral PRA and 
scaffold proteins and fragments thereof, all peptides were combined and found on all capsid types. 
Several tegument proteins were identified on all three nuclear capsid types, including pUL21, 
pUL36, pUL49 (VP22), pUL50, pUL51 and pUS10 (fig. 6 and Table S2). In contrast, pRL2 (ICP0) 
and pUL37, previously reported to be present on nuclear C-capsids (33, 41), were barely detected 
in this study, while pUS3 was not seen at all. Interestingly, the pUL15, pUL28 and pUL33 viral 
DNA terminase complex known to bind procapsids (42) were absent from C-capsids and only 
partially found on A- and B-capsids, corroborating previous reports that it falls off when the viral 
genome is successfully encapsidated (43, 44). Oddly, pRS1 (ICP4) was only consistently detected 
on A-capsids. Similarly, pUL2, pUL3, pUL12, pUL39 (ICP6), pUL42, pUL46, pUL47 (VP13/14), 
pUL48 and pUS1 (ICP22) were found on all or some of the capsids (fig. 6, Table S2). Finally, both 
components of the nuclear egress complex (NEC; pUL31 and pUL34) were reproducibly 
uncovered on A-, B- and C-nuclear capsids. Though only a few spectra were detected for pUL31 
and pUL34 in each sample, suggesting a potential low abundance, pUL31 levels were similar in 
117 
 
A- and B-capsids and more abundant than in C-capsids. Meanwhile, pUL34 amounts were similar 
for A- and C-capsids and less abundant in B-capsids (Table S2). Thus, a complex arrangement of 
expected and unexpected proteins were uncovered on A-, B- and/or C-capsids. 
 
Host protein content of the nuclear capsids. The correct identification of host proteins in 
the viral particles required an additional bioinformatics step, since host proteins were identified not 
only in the viral samples but also in the mock controls. Although in much smaller amounts in the 
latter case, these cellular proteins were purposely ignored for the viral particles, albeit they could 
de facto be real components of the nuclear capsids. Interestingly, nearly a third of the remaining 
positive hits consistently found in the three replicates were common to the three-capsid types (19 
out of 64 proteins; fig. 5B). This included a vast array of proteins and associated functions (fig. 7 
and supplementary Table S3). Overall, proteins falling under RNA metabolism were prevalent 
(ribosomal, hnRNP, RNA binding and translation), in addition to select histones, heat shock 
components and proteins with other cellular roles. Though several of those proteins did not have 
associated “Go-Terms”, between 82 and 88% of the documented proteins were either nuclear or 
known to transit by the nucleus, highlighting that their detection on nuclear capsids may be 
biologically relevant. As with any proteomics study, these protein hits will require orthogonal 
validation to understand how, if at all, they interact with the viral capsids and perhaps modulate 
their assembly or egress. 
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Schematic illustration of the different steps used to purify HSV-1 nuclear capsids. This includes 
the preparation of nuclei from infected cells, the recovery of the nuclear capsids from these nuclei 
and their separation on linear sucrose gradients. For C-capsids, a subsequent purification step by 
flow cytometry was applied for maximal purity. See text and Materials and Methods for details.  
 
 
Figure. 1: Purification scheme. 
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A) Hela cells were infected with HSV-1 strain 17 and cells were harvested 18 hours post infection. 
They were washed and lysed to isolate the nuclei. The latter were then mechanically broken up, 
DNAse treated and sonicated and the nuclear capsids separated on a sucrose cushion then a 20-
Figure. 2: Silver staining and electron microscopy analysis of isolated nuclear capsids. 
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50% linear sucrose gradient prepared in the presence of 150 mM NaCl (low salt TNE). The “A”, 
“B”, and “C” labels on the right side of the gradient refers to the different nuclear capsid types. B) 
Two micrograms of the gradient-purified capsids and equivalent volumes from the uninfected 
gradients were loaded onto a 5-15% SDS-polyacrylamide gels and the overall protein composition 
determined by silver staining. Though many bands are visible, proteins with molecular weights 
corresponding to the main constituents of the capsids were detectable, as indicated to the right of 
the stained gels. C) The purity of each capsid fraction was accessed by negative staining and EM 
(see Table 1 for quantification). Bars represent 100 nm. While A- and B-capsids were quite pure, 















A) Nuclear capsids collected from 20-50% linear sucrose gradients were stained with 1 μM Syto 
13 and analyzed by flow cytometry. Aggregated particles were excluded by gating them out in the 
SSC versus FSC plots. The percentages of Syto 13-positive particles, relative to the starting 
population, are indicated in each graph. Mean fluorescence intensities of the Syto 13 positive 
particles are noted at the top of each sample. As a reference point, the buffer alone had no 
fluorescence (MFI of 0), while the buffer mixed with Syto 13 had a MFI of 829. B) Schematic 
description of the gating strategy applied for the sorting of Syto 13 labeled C capsids by FACS. C) 
EM analysis of sorted C-capsids. Ninety-six percent of the capsids were C-capsids (see text). The 
bar represents 100 nm. 
Figure. 3: Analysis of nuclear capsids by flow virometry. 
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The Venn diagram represents the number of distinct proteins identified by mass spectrometry in 
the non-infected mock samples. A, B and C refer to the same sucrose fractions where A-, B- and 
C-capsids migrated in the infected samples. To limit false negatives, a threshold of 95% protein 
and peptide probabilities and a minimum of 2 peptides was applied. A total of 87 different proteins 
were found (see Σ), 48 of which were common to the three fractions. See Table S1 for a list of 




Figure. 4: Contaminants. 
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The Venn diagrams show the overlap of proteins identified by mass spectrometry in three 
independent samples prepared on different days but analyzed simultaneously (ex: A1, A2 and A3). 
As above, a threshold of 95% protein and peptide probabilities and a minimum of 2 peptides were 
applied. A) Viral proteins and B) Cellular proteins identified by mass spectrometry. Note that for 
Figure. 5: Analysis of protein content of the nuclear capsids by proteomics. 
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the cellular proteins, the mock samples are additionally depicted (Mock), since several cellular 
proteins co-fractionated with the viral capsids. Those contaminants uniquely found in the mock 
samples (red values) correspond to those depicted in Fig. 4. In contrast, no viral protein was found 
in the mock samples. Common proteins (right-most Venn Diagrams) were those that were found 
in all three independent replicates and capsid types (dark blue values). The sums (Σ) of proteins of 
each sample are indicated at the top of each diagram as well as for the Mock samples. 
All viral proteins identified by mass spectrometry and reproducibly found in the independent 
replicates are listed. For simplicity and conciseness, the gene names were used. Note that no viral 
protein was uniquely associated with B-capsids (Refer to Table S2 for details). As discussed in 




Figure. 6: Reproducible viral proteins found in the nuclear capsids. 
125 
 
All cellular proteins identified by mass spectrometry, absent from the mock samples and 
reproducibly found in the independent replicates are listed. For simplicity and conciseness, the 
alternative IDs were used when available. Otherwise, the Uniprot accession IDs were used (Refer 
to Table S3 for details).  
  




Strategy. Proteomics is a powerful technique to identify complex protein contents, but 
sample purity is critical. While it is impossible to rule out contaminants, substantial efforts were 
made to insure our preparations of nuclear capsids were strongly enriched. This first included the 
isolation of the nuclear capsids from infected nuclei, rather than purifying the capsids from total 
cell lysates, to remove as many cytoplasmic and other contaminants as possible. That we primarily 
detected nuclear proteins is a good indication that this strategy was successful. Second, cross-
contamination of the capsids was assessed by electron microscopy, which revealed a greater than 
90% purity for A- and B-capsids harvested from the sucrose gradients. Third, given the significant 
contamination of the gradient purified C- capsids with B-capsids, we resorted to an innovative 
method to further enrich them using our recently published flow virometry approach (38-40). This 
yielded C-capsids with a 96% purity level, as measured by electron microscopy. Forth, while no 
evidence for cellular debris or otherwise large contaminants were noted, electron microscopy 
cannot of course exclude small impurities. For this reason, uninfected cells were analyzed in 
parallel by mass spectrometry to reduce the contribution of host proteins that might inadvertently 
co-fractionate with the viral capsids. We then systematically removed all proteins identified in the 
mock samples from the corresponding capsid fraction, even though this possibly removed proteins 
that truly interact with the viral capsids. Finally, we only considered proteins that were detected in 
all three independent experiments for the greatest stringency. While this overall approach most 
likely led to false negatives and a protein list that may not be as exhaustive as it could be, it 




Data reproducibility. While imperfect, most proteins were reproducibly identified in the 
independent triplicates with rates ranging from 66-77% for viral proteins and 43-52% for host 
proteins. It should be noted that for host proteins, this lower reproducibly might result from the 
compounded detection of the proteins in both the viral samples and mock controls, i.e. in more than 
three samples. Interestingly, many host proteins found in the A-, B- or C-mock fractions proved 
common to all three samples. This was a bit unexpected since it suggests the proteins interact with 
large entities that exhibit different densities. Alternatively, it may be that these proteins non-
specifically stick to capsid components. Whatever the case, their common detection in the mock 
samples suggests these are truly negative hits that should be removed from our final lists. Most 
critically, this demonstrates the importance of analyzing control mock samples when assessing the 
cellular protein content of viral particles. 
 
Nuclear capsid components. HSV-1 replication results in the production of four types of 
nuclear capsids that can be distinguished based on their DNA and protein content. In the present 
study, procapsids were not characterized since thermolabile (13). In contrast, A-, B- and C-capsids 
were individually probed to better define them molecularly. As expected, they all shared the basic 
components of the capsid shell, including the major capsid protein pUL19 (VP5), but also pUL18 
(VP23), pUL35 (VP26), pUL38 (VP19c) and the pUL6 portal (10). This strongly validated our 
proteomics approach, even for lower abundance proteins. 
 
Capsid egress from the nucleus. The pUL31/pUL34 NEC complex plays a critical role in 
the release of newly assembled HSV-1 capsids, in the absence of which the viral particles 
accumulate in the nucleus (3, 4). pUL34 is a transmembrane protein that recruits pUL31 to the 
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inner nuclear envelope (3, 45), while pUL31 has additionally been found on nuclear capsids and at 
DNA damage sites (46, 47). Furthermore, pUL31 has recently been implicated in the packaging of 
the viral DNA into the capsids (19). It is therefore not surprising to detect pUL31 on all nuclear 
capsids or pUL47, since an interactor of the NEC and modulator of nuclear viral egress (48). 
However, the reproducible detection of the normally membrane bound pUL34 was puzzling. This 
was not overtly due to the contamination of the preparation by nuclear membranes as none of the 
viral glycoproteins were detected (only rare gB peptides were non reproducibly found – see Table 
S2). In fact, our protocols minimized the use of detergents and limited them to the very first step 
where lysis of the cells took place in the presence of NP40 in conditions that do not lyse nuclei. 
These nuclei were subsequently washed, broken mechanically and the capsids loaded onto sucrose 
gradients. Despite this, we cannot completely rule out nuclear membrane contaminants. The 
alternative is that some minor amounts of pUL34 indeed coat the nuclear capsids, presumably by 
interacting with pUL31. Noteworthy, pUL51, a palmitoylated viral protein that is needed for viral 
nuclear egress and is found in both the cytoplasm and on membranes (49-52), was also reproducibly 
detected on all nuclear capsids. Albeit counterintuitive at first, this would not be a first when 
detecting membrane-associated proteins in soluble fractions. For example, Rab proteins are soluble 
molecules that are covalently isoprenylated to enable membrane anchoring (53). Nonetheless, the 
GDP dissociation inhibitor (GDI), a Rab specific protein that binds this isoprenyl tail, masks its 
hydrophobic properties and can extract Rab proteins from membranes, a central and critical aspect 
of the normal cycling of this family of proteins (54). Whether pUL34 and/or pUL51 use a similar 
machinery would be an exciting prospect worth exploring. 
It is valuable to note the lack of pUS3 on any of the nuclear capsids. This is not trivial as this 
viral kinase phosphorylates both NEC members (55, 56), which are present on all nuclear capsid 
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types. Thus, if pUS3 acts on pUL31 and pUL34 within the nucleus (57, 58) but is absent on the 
nuclear capsids yet present on perinuclear and mature extracellular virions (30, 59), it must then be 
recruited to the capsids as they bud through the inner nuclear envelope. We would also expect that 
the second viral kinase pUL13 should be nearby, since it phosphorylates and activates pUS3 and 
is also implicated in viral nuclear egress (60, 61). 
In addition to the NEC complex, the CVSC is also believed to modulate viral egress from the 
nucleus by interacting with the viral capsid triplexes in the proximity of the pentons (28, 29). The 
present study confirms that pUL25 indeed coats A-, B- and C-nuclear capsids. Although care 
should be taken when comparing total spectra, pUL25 appeared more abundant on C-capsids 
followed by A- and B-capsids (Table S2), in agreement with others (12). In contrast, only A- and 
C-capsids harbored pUL17 in the current study, while absent in the B-fraction, unlike previous 
claims (25, 27, 29). This was surprising given the presence of the other CVSC components and the 
pUL17 dependent recruitment of pUL25 onto the capsids (29, 62, 63). Whether this is due to impure 
sample purity in the past, the inability of mass spectrometry to detect pUL17 on B-capsids in the 
current study or a putatively lower abundance of pUL17 on these capsids needs to be addressed. It 
may also be a consequence, as previously suggested, of the observation that CVSC components 
are not as tightly bound to A- or B-capsids (26). Finally, the third member of the CVSC, pUL36, 
was present on all three capsid types. Given that the spectra covered the entire length of the protein, 
this would be interpreted as full-length pUL36. This is not inconsistent, however, with the reported 
presence of the carboxyl terminal portion of pUL36 is the nucleus for PRV (64) as mass 
spectrometry cannot tell apart a full-length protein from its proteolytic fragments. Overall, it is 
clear that the CVSC at least partially decorates A-, B- and C-nuclear capsids. 
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It was originally reported that the NEC may specifically enhance the egress of nuclear C-
capsids via pUL25, a model that is incompatible with the presence of both NEC and CVSC 
components on the three thermostable nuclear capsid types (24-27). The molecular basis of the 
preferential release of C-capsids from the nucleus consequently remains unclear. From the present 
study, only pUL42 and pUL46 seem C-capsid specific, but it is unclear how they could direct such 
egress. However, a plethora of host proteins that interact with these capsids were also detected. It 
remains to be seen whether one or some of them could contribute to viral egress. 
 
Primary tegumentation and capsid maturation. We previously reported that the primary 
tegument (i.e. onto nuclear C-capsids) includes pUL36, pUL37, ICP0 and ICP4 (33). The present 
study corroborated this observation for pUL36. However, pUL36 was also found on A- and B-
nuclear capsids, albeit in 35-40% of the amounts seen on C-capsids (Table S2). While this fits its 
recent identification as a member of the CVSC (12, 28, 29), this was strikingly distinct from our 
previous report that pUL36 is absent on B-capsids by Western blotting and immuno-EM (33). 
Similarly, pUL37 was not found in this study, contrary to our previous report that it is detectable 
on C-capsids (33). While ICP4 reached our stringent thresholds in all A-capsid samples, it was 
only detected on some of the B- and C-triplicates and ICP0 was only identified in one of the three 
C-capsid samples. Whether this means that these proteins are absent on the nuclear capsids or that 
the previously used antibody-mediated detection was better or conversely non-specific remains to 
be clarified. The true constituents of the primary tegument remain therefore an open question. 
The process of tegumentation results from the complex and multiple interactions between 
capsid, tegument and viral glycoproteins whereby up to 24 different viral proteins coat the capsids 
(30, 32). Common dogma stipulates that the bulk of this tegument is recruited onto the maturing 
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capsids while in the cytoplasm and/or during final envelopment. The limited space in perinuclear 
virions to accommodate the tegument is compatible with this concept (65). However, the present 
study revealed the detection of numerous tegument proteins common to A-, B- and C-capsids (i.e. 
pUL21, pUL49, pUL50, pUL51, pUS10) in addition to the aforementioned pUL31, pUL34 and 
pUL36 proteins. Moreover, viral proteins involved in genome duplication and metabolism such as 
pUL2, pUL12, pUL39 (ICP6), pUL42 and pUL50 (66-71) were also detected on some or all of the 
nuclear capsid types (Table S2). This may corroborate past findings that viral DNA replication, 
cleavage and packaging are intimately linked and required to incorporate the viral genome into the 
capsids (12), as recently noted for pUL12 (72). Finally, pUL17, pUL42, pUL46, pUL48 and pUS1 
were also present on C capsids. Altogether, this amounts to quite a few viral proteins interacting 
with the nuclear capsids. It should be noted though that, as for pUL31 and pUL34, many of these 
proteins are shed from the maturing capsids since they are absent in mature extracellular virions 
(30), as seen in Table 2. All told, this entails a scenario whereby unique proteins may coat nuclear 
capsids that are released upon their egress across the nuclear envelopes, while others are retained 
in mature virions. It is worth speculating that the proteins uniquely coating nuclear capsids but 
absent in mature virions may play a significant role during nuclear egress. At the very least, a 
complex scenario seems to emerge where multiple proteins may coat the nuclear capsids. 
 
Incorporation of cellular components. Not surprisingly, host proteins were identified in the 
nuclear capsid fractions, in line with the detection of numerous cellular proteins in several mature 
extracellular herpes virions (30, 73). It is most interesting that the bulk of these cellular proteins 
are either nuclear proteins or proteins that transit through the nucleus, based on the analysis of their 
Go-Terms. While some may merely be contaminants, much effort was done to limit them by 
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subtracting all the proteins detected in the mock samples. It remains possible, of course, that some 
proteins stick non-specifically to the viral capsids. This would be surprising given that many of 
them differentially associated with A-, B- or C-capsids, despite their similar compositions. 
Furthermore, these proteins were not detected in mature extracellular virions, suggesting they do 
play a role during viral nuclear egress and later on fall off the capsids. Alternatively, it may be that 
those proteins are components of higher molecular weight complexes with similar density as the 
viral capsids. The presence of numerous hnRNPs may be evidence in that direction. Similarly, 
ribosomal proteins, which can bind rRNA in the nucleus and form the large ribosomal subunit (74), 
could co-fractionate with the viral capsids. Only functional assays will resolve whether the 





Content of fraction A (%) 
A-capsids B-capsids C-capsids 
91.8 + 0.7 6.0 + 1.2 2.2 + 1.9 
(n = 333) (n = 23) (n = 6) 
   
Content of fraction B (%) 
A-capsids B-capsids C-capsids 
2.9 + 1.2 92.9 + 1.8 4.2 + 2.1 
(n = 23) (n = 717) (n = 32) 
   
Content of fraction C (%) 
A-capsids B-capsids C-capsids 
0.4 + 0.4 28.9 + 3.6 70.7 + 3.6 
(n = 3) (n = 223) (n= 503) 
                            
                                 Table. 1: Purity of capsid fractions 
 
Sample purity was assessed by negative staining and EM. The values represent the mean from three 










Table. 2: Comparison of protein content of C-nuclear capsids and mature extracellular 
virions. 
Protein group mw (kDa) C-capsids Virus* 
Capsid-associated    
UL6 74.1 Yes Yes 
UL15 80.9 No No 
UL17 74.6 Yes Yes 
UL18 34.3 Yes Yes 
UL19 149.1 Yes Yes 
UL25 62.7 Yes Yes 
UL26/26.5  Yes** Yes 
UL28 85.6 No No 
UL33 14.4 No No 
UL35 12.1 Yes Yes 
UL38 50.3 Yes Yes 
 
Envelope 
   
UL1 24.9 No Yes 
UL10 51.4 No Yes 
UL20 24.2 No No 
UL22 90.4 No Yes 
UL27 100.3 No Yes 
UL43 44.9 No No 
UL44 55.0 No Yes 
UL45 18.2 No Yes 
UL49A 9.2 No No 
UL53 37.6 No No 
UL56 21.2 No Yes 
US4 25.2 No Yes 
US5 9.6 No No 
US6 43.3 No Yes 
US7 41.4 No Yes 
US8 59.1 No Yes 
US8A 16.8 No No 
US9 10.0 No Yes 
 
Tegument 
   
RL1 26.2 No Yes 
RL2 78.5 No Yes 
RS1 132.8 No Yes 
UL7 33.1 No Yes 
UL11 10.5 No Yes 
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UL13 57.2 No Yes 
UL14 23.9 No Yes 
 UL16 40.4 No Yes 
UL21 57.6 Yes Yes 
UL23 41.0 No Yes 
UL36 335.9 Yes Yes 
UL37 120.6 No Yes 
UL41 54.9 No Yes 
UL46 78.2 Yes Yes 
UL47 73.8 No Yes 
UL48 54.3 Yes Yes 
UL49 32.3 Yes Yes 
UL50 39.1 Yes Yes 
UL51 25.5 Yes Yes 
UL55 20.5 No Yes 
US2 32.5 No Yes 
US3 52.8 No Yes 
US10 34.1 Yes Yes 










 UL3 25.6 Yes No 
 UL4 78.2 No No 
 UL5 98.7 No No 
 UL8 79.9 No No 
 UL9 94.3 No No 
 UL12 67.5 No No 
 UL24 29.5 No No 
 UL29 128.4 No No 
 UL30 136.4 No No 
 UL31 34.0 Yes No 
 UL32 64.0 No No 
 UL34 29.8 Yes No 
 UL39 124.1 Yes No 
 UL40 38.0 No No 
 UL42 51.2 Yes No 
 UL52 114.4 No No 
 UL54 55.3 No No 
 US1 46.5 Yes No 
 US12 9.8 No No 
* From Loret et al (30). **Cannot tell apart or from cleaved 
products. In blue: Common to C-capsids and mature virions; 
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II.2.5 Materials and Methods 
Cells and virus. Hela cells (ATCC CCL-2) were cultured at 37°C in the presence of 5% CO2 
in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) containing 10% fetal bovine serum 
(FBS; HyClone®), 2 mM L-glutamine (Life Technologies), 100 U/ml penicillin and 100 μg/ml 
streptomycin. The HSV-1 parental wild-type strain 17+, which Beate Sodeik generously provided 
(Hannover Medical School, Germany), was amplified and titered by plaque assay on BHK and 
Vero cells, respectively, as before (75). 
 
Purification of nuclear capsids.  
Hela cells passaged one day earlier were grown on 500 cm2 dishes until subconfluent. They 
were subsequently infected with HSV-1 wild-type virus at a multiplicity of infection (MOI) of 5. 
Eighteen hours post infection (hpi), capsids were purified as previously described (33) with some 
minor modifications. Briefly, infected cells were scraped from dishes and washed with phosphate-
buffered saline (PBS) then resuspended at a concentration of 1 × 107 cells/ml. They were then 
incubated for 30 min on ice in NP-40 lysis buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 2 mM 
MgCl2, 1% Igepal, 5 mM dithiothreitol). Cell lysates were spun at 225 × g for 10 min and the 
nuclei resuspended in modified (low-salt) TNE (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA), 
cracked by 3 cycles of freeze-thaw in liquid nitrogen and a 37°C bath, treated for 1 hour at 10°C 
with 500 U/mL of DNAse I (Roche) and sonicated with 10 x 1 sec pulses at intensity of 8 in a 
Microcup-horn sonicator at 4°C. The resulting nuclear lysates were cleared at 2500 × g for 10 min, 
and nuclear capsids were recovered using a 35% sucrose cushion. A-, B- and C-capsids were finally 
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separated on a 20-50% linear sucrose gradient prepared in low-salt TNE at 100,000 × g for 1 h. 
The three nuclear capsid fractions were individually collected, pelleted at 100,000 × g and stored 
at −80°C. Parallel gradients were prepared from non-infected cells using the same number of 
starting cells and samples collected at exactly the same locations as the corresponding A-, B- and 
C-bands. 
 
Gel electrophoresis and silver staining. Three micrograms of each capsid fraction were 
boiled for 10 min in loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 0.1% bromophenol blue, 
10% glycerol, and 2% β-mercaptoethanol) and separated by SDS-PAGE. For the mock controls, 
equal volumes as the corresponding viral fractions were used to prevent the artificial boosting of 
the total protein content of these samples. Following electrophoresis, gels were fixed overnight 
(5% acetic acid-50% methanol solution), washed for 10 min (50% methanol solution) then 
extensively rinsed in Milli-Q water. To stain the proteins, the gels were incubated with a 0.02% 
thiosulfate sodium solution, in 0.1% silver nitrate and in a reaction buffer (0.04% formaldehyde 
and 2% carbonate sodium) with rinsing with water between each step. The gels were finally 
incubated in 5% acetic acid solution to stop the reaction then scanned on a ChemiDoc station 
(BioRad). 
 
Syto 13 fluorescence labeling of C-capsids. Ten microliters of sucrose-purified capsids 
were incubated for 1 h at 4°C with 1 μM Syto 13 (green fluorescence). Unwashed labeled virions 




Flow virometry. Analysis of the samples by flow cytometry was performed as previously 
described (38-40) using Syto 13 labeled capsids diluted 500 fold in 0.2 μm filtered MNT. The 
samples were processed on a standard FACSAria II sorter (BD Biosciences) equipped with a 100 
μm nozzle and 405, 488, and 633 nm lasers. Analysis and sorting were performed in PBS at low 
pressure (23 psi) and a flow rate between 1 and 3 for a maximum of 3000 events/s. Samples were 
excited with a 488 nm laser coupled to an emission filter allowing the 515-545 nm wavelengths to 
go through. A minimal threshold of 200 for the SSC channel was applied to minimize the 
background signal. One hundred thousand particles were analyzed in the fluorescence channel, 
gating on Syto 13 labeled capsids, using a gate that includes the bulk of the particles (> 95 %) but 
which excluded large aggregates. A yield mask of 32 was applied upon sorting to increase purity. 
The data were acquired with FACSDiva software (version 6.1.3, BD Biosciences) and processed 
with FlowJo version 10.0.7r2 (TreeStar). Sorted C-capsids were concentrated by 
ultracentrifugation at 100,000 × g for 1 hour, and stored at −80°C. 
 
Mass spectrometry. Seven micrograms of each viral sample (or equivalent volumes of the 
corresponding mock samples) were diluted with 100 mM ammonium bicarbonate and 5 mM TCEP 
then vortexed at 37°C for 30 min. Chloroacetamide (110 mM in ammonium bicarbonate) was 
added to the samples to get a final concentration of 55 mM, and vigorously mixed again for another 
30 min at 37°C. The samples were then digested overnight with trypsin with an enzyme to protein 
ratio of 1/50. Samples were then dried down in a Speed-Vac and reconstituted in 40 μl of 0.2% 
formic acid. The tryptic peptides were loaded on a C18 stem trap from New Objective and separated 
on a home-made C18 column (15 cm * 150 um id) at a flow rate of 600 nl/min with a gradient of 
5-30% of A (0.2% formic acid in water and B (0.2% formic acid in acetonitrile). The analytical 
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column was coupled to a Q-Exactive Plus (Thermo Fisher Scientific). The resolution was set at 
70000 for the survey scan and 17500 for the tandem mass spectrum acquisition. A maximum of 12 
precursors were sequenced for each duty cycle. AGC target values for MS and MS/MS scans were 
set to 3e6 (max fill time 50 ms) and 2e4 (max fill time 150 ms), respectively. The precursor 
isolation window was set to m/z 1.6 with a high energy dissociation normalized collision energy 
of 25 and the dynamic exclusion window was set to 30 s. Tandem mass spectra were searched 
against the combined human and HSV1 17+ Uniprot databases with carbamidomethylation (C) as 
fixed modifications, deamidation (NQ) oxidation (M) and acetylation (N-ter) as variable 
modifications. Tolerance was set at 10 ppm on precursor mass and 0.01 Da on the fragments. 
 
Electron Microscopy. The purity of the capsids was analyzed by negative staining as 
previously described (30). Briefly, 10 μL of purified A, B and C capsids or flow cytometry sorted 
and concentrated C capsids were adsorbed on hexagonal 200-mesh copper grids coated with 
Formvar and carbon (Canemco & Marivac). Excess liquid was removed with a filter paper then 
samples were contrasted with 2% uranyl acetate (Canemco & Marivac), washed in distilled water, 
and dried on filter paper. Samples were examined on a Philips CM100 transmission electron 
microscope and digital micrographs were captured using an AMT XR80 CCD digital camera. 
Quantification of the types of nuclear capsids (A, B or C) was done from randomly selected fields 
from at least three independent experiments. 
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Table S 1: Cellular contaminants. 
 
 Exp 1 Exp 2 Exp 3
Uniprot Alternate ID mw (kDa) Total spectra Mock A Mock B Mock C A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids
A0A0B4J2A4_HUMAN ACAA2 42 kDa A0A0B4J2A4_HUMAN 1 3 3 0 0 0 0 0 0 0 0 0
ACTG_HUMAN ACTG1 42 kDa ACTG_HUMAN 6 4 3 10 8 8 8 5 7 2 2 10
ALBU_HUMAN ALB 69 kDa ALBU_HUMAN 8 10 4 0 0 4 0 0 3 0 0 5
ANXA1_HUMAN ANXA1 39 kDa ANXA1_HUMAN 6 3 4 0 0 0 0 0 0 0 0 0
A0A024R5Z7_HUMAN ANXA2 39 kDa A0A024R5Z7_HUMAN 3 2 2 0 0 0 0 0 0 0 0 0
ANXA4_HUMAN ANXA4 36 kDa ANXA4_HUMAN 3 7 3 0 0 0 0 0 0 0 0 0
ANXA5_HUMAN ANXA5 36 kDa ANXA5_HUMAN 2 1 0 0 0 0 0 0 0 0 0 0
ANXA7_HUMAN ANXA7 53 kDa ANXA7_HUMAN 1 2 0 5 5 9 6 5 7 5 7 8
AT1A1_HUMAN ATP1A1 113 kDa AT1A1_HUMAN 14 10 7 0 0 0 0 0 0 0 0 0
A0A0S2Z3L2_HUMAN ATP2A2 115 kDa A0A0S2Z3L2_HUMAN 3 4 3 0 0 0 0 0 0 0 0 0
ATPA_HUMAN ATP5A1 60 kDa ATPA_HUMAN 30 33 27 0 0 0 0 0 0 0 0 0
ATPB_HUMAN ATP5B 57 kDa ATPB_HUMAN 24 21 14 1 0 0 0 0 0 0 0 0
BAP31_HUMAN BCAP31 28 kDa BAP31_HUMAN 4 3 2 0 0 0 0 0 0 0 0 0
CALR_HUMAN CALR 48 kDa CALR_HUMAN 1 1 3 0 0 0 0 0 0 0 0 0
A0A024RBH2_HUMAN CKAP4 66 kDa A0A024RBH2_HUMAN 5 4 1 0 0 0 0 0 0 0 0 0
A0A024R2W4_HUMAN DAG1 98 kDa A0A024R2W4_HUMAN 11 10 8 0 0 0 0 0 0 0 0 0
A0A024RAD5_HUMAN DDOST 51 kDa A0A024RAD5_HUMAN 6 5 4 0 0 0 0 0 0 0 0 0
A0A024R9D7_HUMAN DECR1 36 kDa A0A024R9D7_HUMAN 5 3 3 0 0 0 0 0 0 0 0 0
A0A024R713_HUMAN DLD 54 kDa A0A024R713_HUMAN 2 0 0 0 0 0 0 0 0 0 0 0
ECH1_HUMAN ECH1 36 kDa ECH1_HUMAN 3 2 1 0 0 0 0 0 0 0 0 0
ECHM_HUMAN ECHS1 31 kDa ECHM_HUMAN 5 5 8 0 0 0 0 0 0 0 0 0
A0A024R4F1_HUMAN ENO1 47 kDa A0A024R4F1_HUMAN 23 23 16 0 1 0 0 0 0 0 0 0
ERP29_HUMAN ERP29 29 kDa ERP29_HUMAN 10 9 11 0 0 0 0 0 0 0 0 0
A0A090N8Y2_HUMAN ERP70 73 kDa A0A090N8Y2_HUMAN 16 11 13 0 0 0 0 0 0 0 0 0
A0A0S2Z4C3_HUMAN FH 55 kDa A0A0S2Z4C3_HUMAN 5 6 3 0 0 0 0 0 0 0 0 0
A0A024R6W0_HUMAN GOT2 47 kDa A0A024R6W0_HUMAN 4 3 1 0 0 0 0 0 0 0 0 0
A0A0K2BMD8_HUMAN HBA2 15 kDa A0A0K2BMD8_HUMAN 90 33 18 1 1 2 0 0 2 0 2 3
D9YZU5_HUMAN HBB 16 kDa D9YZU5_HUMAN 19 21 15 0 0 0 0 0 0 0 1 0
A0A024R1F4_HUMAN hCG_2010666 61 kDa A0A024R1F4_HUMAN 18 12 9 0 0 0 0 0 0 0 0 0
A0A0K0K1L1_HUMAN HEL-S-282 29 kDa A0A0K0K1L1_HUMAN 7 2 1 0 0 0 0 0 0 0 0 0
A0A0K0K1H8_HUMAN HEL-S-71p 77 kDa A0A0K0K1H8_HUMAN 13 5 3 0 0 1 0 0 0 0 0 1
A0A024R017_HUMAN HIST1H2AC 14 kDa A0A024R017_HUMAN 0 1 1 4 0 2 2 1 2 1 0 0
A0A024RD80_HUMAN HSP90AB1 83 kDa A0A024RD80_HUMAN 4 5 6 0 0 0 0 0 0 0 2 5
ENPL_HUMAN HSP90B1 92 kDa ENPL_HUMAN 49 54 42 1 0 0 1 0 0 1 0 0
GRP78_HUMAN HSPA5 72 kDa GRP78_HUMAN 23 20 17 1 0 0 1 0 0 0 0 0
CH10_HUMAN HSPE1 11 kDa CH10_HUMAN 3 2 0 0 0 0 0 0 0 0 0 0
E7EMF1_HUMAN ITGA2 89 kDa E7EMF1_HUMAN 12 12 8 0 0 0 0 0 0 0 0 0
A5YM53_HUMAN ITGAV 116 kDa A5YM53_HUMAN 13 9 10 0 0 0 0 0 0 0 0 0
ITB1_HUMAN ITGB1 88 kDa ITB1_HUMAN 17 20 22 0 0 0 0 0 0 0 0 0
ITB5_HUMAN ITGB5 88 kDa ITB5_HUMAN 14 16 15 0 0 0 0 0 0 0 0 0
H6VRF8_HUMAN KRT1 66 kDa H6VRF8_HUMAN 14 46 29 42 20 58 19 36 62 27 16 49
K1C10_HUMAN KRT10 59 kDa K1C10_HUMAN 10 11 15 18 9 28 5 13 21 13 6 30
K22E_HUMAN KRT2 65 kDa K22E_HUMAN 0 4 9 19 8 29 1 9 23 6 2 32
K1C9_HUMAN KRT9 62 kDa K1C9_HUMAN 11 34 15 28 17 38 11 22 44 22 10 38
LEG1_HUMAN LGALS1 15 kDa LEG1_HUMAN 4 3 1 0 0 0 0 0 0 0 0 0
A6XGP7_HUMAN NOGOC 22 kDa A6XGP7_HUMAN 30 31 30 0 0 0 0 0 0 0 0 0
A0A024R8S5_HUMAN P4HB 57 kDa A0A024R8S5_HUMAN 6 5 3 0 0 1 0 0 0 0 0 0
A0A1B0GU58_HUMAN PCCA 67 kDa A0A1B0GU58_HUMAN 4 3 1 0 0 0 0 0 0 0 0 0
PDIA6_HUMAN PDIA6 48 kDa PDIA6_HUMAN 10 6 4 1 0 0 0 0 0 0 0 0








B4DNK4_HUMAN PKM 50 kDa B4DNK4_HUMAN 9 3 3 0 0 0 0 0 0 0 0 0
A0PK02_HUMAN PLXNB2 56 kDa A0PK02_HUMAN 12 9 9 0 0 0 0 0 0 0 0 0
A8K3B4_HUMAN POR 77 kDa A8K3B4_HUMAN 1 9 8 0 0 0 0 0 0 0 0 0
A1A508_HUMAN PRSS3 26 kDa A1A508_HUMAN 4 6 2 0 1 1 0 0 1 0 0 1
PTK7_HUMAN PTK7 118 kDa PTK7_HUMAN 9 5 4 0 0 0 0 0 0 0 0 0
A0A024R1U4_HUMAN RAB5C 23 kDa A0A024R1U4_HUMAN 3 2 4 0 0 0 0 0 0 0 0 0
A0A024RBE8_HUMAN SLC25A3 40 kDa A0A024RBE8_HUMAN 2 1 0 0 0 0 0 0 0 0 0 0
ADT2_HUMAN SLC25A5 33 kDa ADT2_HUMAN 6 6 3 1 0 1 0 0 0 0 0 0
S26A2_HUMAN SLC26A2 82 kDa S26A2_HUMAN 2 2 4 0 0 0 0 0 0 0 0 0
4F2_HUMAN SLC3A2 68 kDa 4F2_HUMAN 3 4 1 0 0 0 0 0 0 0 0 0
B3A2_HUMAN SLC4A2 137 kDa B3A2_HUMAN 2 1 0 0 0 0 0 0 0 0 0 0
SMC5_HUMAN SMC5 129 kDa SMC5_HUMAN 0 2 1 0 0 0 0 0 0 0 0 0
C9JMN1_HUMAN SMC6 85 kDa C9JMN1_HUMAN 2 3 2 0 0 0 0 0 0 0 0 0
A0A024R229_HUMAN TMEM2 154 kDa A0A024R229_HUMAN 1 4 2 0 0 0 0 0 0 0 0 0
TBA1A_HUMAN TUBA1A 50 kDa TBA1A_HUMAN 15 11 8 1 1 1 3 0 0 2 0 0
L8B4J3_HUMAN UbC 77 kDa L8B4J3_HUMAN 6 4 2 0 1 1 0 0 0 2 2 1
H3BRG4_HUMAN UQCRC2 45 kDa H3BRG4_HUMAN 5 1 3 0 0 0 0 0 0 0 0 0
A0A024QZN9_HUMAN VDAC2 34 kDa A0A024QZN9_HUMAN 7 7 8 0 0 0 0 0 0 0 0 0
B0YJC4_HUMAN VIM 50 kDa B0YJC4_HUMAN 5 4 4 1 1 1 1 0 1 0 0 1
A0A140VJM0_HUMAN 117 kDa A0A140VJM0_HUMAN 38 38 32 0 0 0 0 0 0 0 0 0
A8K309_HUMAN 39 kDa A8K309_HUMAN 13 13 8 0 0 0 0 0 0 0 0 0
A8K486_HUMAN 18 kDa A8K486_HUMAN 1 0 0 1 0 2 3 0 1 3 0 1
A8K4W2_HUMAN 29 kDa A8K4W2_HUMAN 1 2 3 0 0 0 0 0 0 0 0 0
A8K6Q8_HUMAN 85 kDa A8K6Q8_HUMAN 19 12 7 0 0 0 0 0 0 0 0 0
B2RE46_HUMAN 69 kDa B2RE46_HUMAN 2 2 1 0 0 0 0 0 0 0 0 0
B3KQT9_HUMAN 54 kDa B3KQT9_HUMAN 21 23 17 0 0 0 0 0 0 0 0 0
B3KRN4_HUMAN 48 kDa B3KRN4_HUMAN 11 13 8 0 0 0 0 0 0 0 0 0
B3KTS5_HUMAN 31 kDa B3KTS5_HUMAN 19 22 16 0 0 0 0 0 0 0 0 0
B4DJ30_HUMAN 113 kDa B4DJ30_HUMAN 0 2 1 0 0 0 0 0 0 0 0 0
B4DL99_HUMAN 66 kDa B4DL99_HUMAN 6 5 9 0 0 0 0 0 0 0 0 0
B4DMF5_HUMAN 57 kDa B4DMF5_HUMAN 3 2 2 0 0 0 0 0 0 0 0 0
B4DTY9_HUMAN 84 kDa B4DTY9_HUMAN 15 9 1 0 0 0 0 0 0 0 0 0
B4DUL5_HUMAN 40 kDa B4DUL5_HUMAN 12 10 10 0 0 0 0 0 0 0 0 0
B4DW05_HUMAN 24 kDa B4DW05_HUMAN 4 2 1 0 0 0 0 0 0 0 0 0
In blue: Proteins present in some of the viral capsid fractions
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Uniprot Description mw (kDa) Average SEM Average SEM Average SEM
Capsid
B9VQD3_HHV11 UL6 (Portal protein) 74 61,0 11,2 40,7 5,7 72,7 7,1
G8H8D9_HHV1 UL18 (VP23; Triplex capsid protein 2) 34 68,7 9,2 31,3 9,2 52,7 6,4
G8HBD2_HHV1 UL19 (VP5 Major capsid protein) 149 377,0 43,7 278,3 13,6 393,3 35,0
A0A181ZHX9_HHV11 UL35 (VP26; SCP; Small capsomere-interacting protein) 12 110,0 18,0 81,7 5,5 98,7 11,6
B9VQG6_HHV11 UL38 (VP19C; Triplex capsid protein 1) 50 169,7 5,8 150,7 11,7 190,0 21,7
CVSC
A0A0X8E9Y0_HHV1 UL17 (Capsid vertex component 1) 75 58,3 27,0 19,7 16,8 68,7 3,5
B9VQF2_HHV11 UL25 (Capsid vertex component 2) 63 70,0 3,1 50,0 9,2 102,0 0,6
LTP_HHV1 UL36 (Large tegument protein deneddylase) 333 6,7 1,2 7,7 0,9 19,0 1,2
Terminase complex
A0A193GSF3_HHV1 UL15 (Tripartite terminase subunit 3 ) 81 6,3 0,9 2,7 1,2 1,3 0,7
A0A0S1TJ41_HHV1 UL28 (Tripartite terminase subunit 1) 86 6,7 2,9 5,7 1,7 0,3 0,3
B9VQG1_HHV11 UL33 15 1,3 0,9 0,0 0,0 0,0 0,0
PRA/Scaffold*
G8HBD9_HHV1 UL26 (Protease) 66 170,3 36,9 203,7 37,4 165,0 87,9
A0A0B5E5D4_HHV1 UL26.5  (Scaffold) 34 1,0 1,0 11,7 9,7 4,7 0,7
Combined Protease/Scaffold 171,3 36,7 215,3 27,8 169,7 87,3
NEC
A0A181ZGN3_HHV11 UL31 (Nuclear egress protein 1) 34 5,3 1,9 5,3 2,8 2,3 0,3
A0A0F7GQM8_HHV1 UL34 (Nuclear egress protein 2) 30 6,3 0,9 3,3 0,9 6,3 0,3
Replication / DNA metabolism
G8HBB5_HHV1 UL2 (Uracil-DNA glycosylase) 36 6,3 0,7 7,7 1,2 5,3 0,3
A0A0S1TJ35_HHV1 UL5 (DNA replication helicase) 99 0,7 0,3 0,7 0,3 0,0 0,0
A0A181ZGG2_HHV11 UL12 (Alkaline nuclease) 67 11,7 1,8 15,0 3,1 4,3 4,3
A0A0S1TES2_HHV1 UL29 (major DNA binding protein) 128 0,0 0,0 0,0 0,0 0,7 0,7
A0A0S1TEL8_HHV1 UL39 (Ribonucleoside-diphosphate reductase large subunit) 124 14,0 2,6 4,3 0,9 6,0 1,5
G8HBF6_HHV1 UL42 (DNA polymerase processivity subunit) 51 9,3 4,8 6,3 2,7 7,3 1,2
DUT_HHV11 UL50 (Deoxyuridine 5'-triphosphate nucleotidohydrolase) 39 4,3 0,9 6,0 1,0 6,3 0,3
  
Tegument   
A0A0S1TJG0_HHV1 RL2 (ICP0) 79 0,0 0,0 0,0 0,0 1,3 0,3
A0A0B5E5S4_HHV1 RS1 (ICP4) 133 8,3 1,9 3,0 2,5 2,3 0,9
A0A0S1TJL6_HHV1 UL3 (Nuclear protein) 24 9,0 2,0 8,7 1,7 6,7 0,3
A0A181ZH20_HHV11 UL14 24 1,3 1,3 9,3 9,3 5,0 2,5
A0A0B5E481_HHV1 UL21 58 6,7 0,7 7,3 0,9 6,7 0,3
LTP_HHV1 UL36 (Large tegument protein deneddylase) 333 6,7 1,2 7,7 0,9 19,0 1,2
A0A0S1TER6_HHV1 UL37 121 0,0 0,0 0,7 0,7 0,3 0,3
A0A181ZH33_HHV11 UL41 (VHS) 55 1,3 0,9 0,0 0,0 0,0 0,0
G8HBG0_HHV1 UL46 (VP11/12 Tegument protein) 78 3,3 1,8 0,0 0,0 3,0 0,6
A0A181ZGV0_HHV11 UL47 (Tegument protein) 74 38,0 5,5 13,7 8,8 10,7 6,4
G8HBG2_HHV1 UL48 (VP16 Transactivating tegument protein) 54 4,3 0,3 4,0 2,3 5,3 0,9
A0A181ZGW0_HHV11 UL49 (VP22 Tegument protein) 32 3,0 0,6 7,0 0,6 10,3 1,2
DUT_HHV11 UL50 (Deoxyuridine 5'-triphosphate nucleotidohydrolase) 39 4,3 0,9 6,0 1,0 6,3 0,3
A0A181ZG15_HHV11 UL51 (Tegument protein) 25 13,0 2,5 18,0 1,2 14,7 0,9
G8HBG9_HHV1 UL54 (Multifunctional expression regulator) 55 1,3 0,3 3,0 1,0 2,3 0,9
A0A181ZFX4_HHV11 US1 (ICP22 transcriptional regulator) 47 6,3 2,4 1,7 0,3 2,7 0,3
A0A0B5E9X1_HHV1 US10 33 5,0 1,5 7,7 0,9 3,3 0,3
A0A0B5EA79_HHV1 US11 17 0,3 0,3 1,7 1,2 0,0 0,0
 
Others  
A0A181ZH10_HHV11 UL27 (gB) 100 2,0 0,6 0,0 0,0 1,3 0,3




Exp 1 Exp 2 Exp 3
Total spectra 
assigned
A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids
B9VQD3_HHV11 54 35 70 83 52 86 46 35 62
G8H8D9_HHV1 87 15 63 59 32 54 60 47 41
G8HBD2_HHV1 444 260 461 392 270 344 295 305 375
A0A181ZHX9_HHV11 117 71 119 137 89 98 76 85 79
B9VQG6_HHV11 159 141 223 179 137 149 171 174 198
A0A0X8E9Y0_HHV1 96 6 74 6 0 70 73 53 62
B9VQF2_HHV11 68 38 102 76 68 101 66 44 103
G8HBF0_HHV1 6 9 17 9 6 21 5 8 19
A0A193GSF3_HHV1 5 1 2 8 5 0 6 2 2
A0A0S1TJ41_HHV1 2 4 0 12 9 0 6 4 1
B9VQG1_HHV11 3 0 0 1 0 0 0 0 0
G8HBD9_HHV1 150 129 0 242 245 300 119 237 195
A0A0B5E5D4_HHV1 3 31 6 0 2 4 0 2 4
153 160 6  242 247 304  119 239 199
A0A181ZGN3_HHV11 9 11 3 4 3 2 3 2 2
A0A0F7GQM8_HHV1 6 5 6 8 3 6 5 2 7
G8HBB5_HHV1 7 6 5 7 10 5 5 7 6
A0A0S1TJ35_HHV1 0 0 0 1 1 0 1 1 0
A0A181ZGG2_HHV11 11 21 0 15 11 0 9 13 13
A0A0S1TES2_HHV1 0 0 0 0 0 0 0 0 2
A0A0S1TEL8_HHV1 15 6 4 18 4 5 9 3 9
G8HBF6_HHV1 0 1 9 16 9 8 12 9 5
DUT_HHV11 4 7 6 6 7 7 3 4 6
A0A0S1TJG0_HHV1 0 0 2 0 0 1 0 0 1
A0A0B5E5S4_HHV1 6 8 2 12 0 1 7 1 4
A0A0S1TJL6_HHV1 7 7 7 13 12 6 7 7 7
A0A181ZH20_HHV11 0 28 8 0 0 7 4 0 0
A0A0B5E481_HHV1 6 6 7 8 9 7 6 7 6
G8HBF0_HHV1 6 9 17 9 6 21 5 8 19
A0A0S1TER6_HHV1 0 2 0 0 0 0 0 0 1
A0A181ZH33_HHV11 1 0 0 3 0 0 0 0 0
G8HBG0_HHV1 0 0 2 6 0 4 4 0 3
A0A181ZGV0_HHV11 39 30 0 47 0 22 28 11 10
G8HBG2_HHV1 5 8 5 4 4 4 4 0 7
A0A181ZGW0_HHV11 2 8 8 4 6 11 3 7 12
DUT_HHV11 4 7 6 6 7 7 3 4 6
A0A181ZG15_HHV11 11 20 16 18 18 15 10 16 13
G8HBG9_HHV1 1 4 1 2 4 2 1 1 4
A0A181ZFX4_HHV11 5 2 3 11 1 3 3 2 2
A0A0B5E9X1_HHV1 2 9 3 7 8 3 6 6 4
A0A0B5EA79_HHV1 0 0 0 1 4 0 0 1 0




Exp 1 Exp 2 Exp 3
Percent coverage of 
the protein
A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids
B9VQD3_HHV11 35,2% 21,3% 33,6% 40,4% 31,8% 43,5% 24,4% 19,4% 27,1%
G8H8D9_HHV1 62,9% 0,0% 51,3% 52,8% 59,4% 62,6% 60,7% 38,7% 37,1%
G8HBD2_HHV1 48,3% 40,8% 52,8% 48,4% 43,1% 52,0% 51,2% 41,9% 44,6%
A0A181ZHX9_HHV11 80,4% 83,9% 85,7% 84,8% 84,8% 85,7% 82,1% 79,5% 84,8%
B9VQG6_HHV11 50,3% 45,4% 53,8% 52,0% 46,2% 52,3% 51,2% 54,6% 55,5%
A0A0X8E9Y0_HHV1 39,3% 0,0% 45,0% 0,0% 0,0% 34,7% 33,0% 23,6% 42,1%
B9VQF2_HHV11 38,8% 28,3% 45,7% 37,6% 41,0% 51,7% 45,2% 31,4% 35,9%
G8HBF0_HHV1 1,5% 2,0% 2,5% 2,2% 0,8% 3,4% 0,9% 0,6% 3,6%
A0A193GSF3_HHV1 6,0% 1,6% 3,1% 11,4% 6,7% 0,0% 8,3% 3,7% 3,1%
A0A0S1TJ41_HHV1 1,4% 5,5% 0,0% 6,9% 10,4% 0,0% 9,8% 6,5% 2,3%
B9VQG1_HHV11 16,9% 0,0% 0,0% 7,7% 0,0% 0,0% 0,0% 0,0% 0,0%
G8HBD9_HHV1 62,7% 60,2% 0,0% 58,9% 73,9% 63,6% 60,3% 67,7% 59,2%
A0A0B5E5D4_HHV1 57,1% 61,1% 4,3% 0.0 60,8% 45,0% 0.0 55,9% 40,4%
A0A181ZGN3_HHV11 12,7% 12,7% 6,5% 6,5% 6,5% 3,9% 9,2% 3,9% 6,5%
A0A0F7GQM8_HHV1 18,2% 12,4% 12,4% 12,4% 6,2% 12,4% 12,4% 6,2% 12,4%
G8HBB5_HHV1 8,1% 5,7% 5,7% 5,7% 8,4% 5,7% 8,4% 8,4% 5,7%
A0A0S1TJ35_HHV1 0,0% 0,0% 0,0% 0,9% 1,3% 0,0% 1,3% 1,3% 0,0%
A0A181ZGG2_HHV11 13,7% 22,4% 0,0% 15,7% 14,5% 0,0% 8,8% 13,1% 15,2%
A0A0S1TES2_HHV1 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 1,7%
A0A0S1TEL8_HHV1 9,0% 4,3% 4,1% 12,0% 4,1% 5,5% 4,4% 3,0% 7,4%
G8HBF6_HHV1 0,0% 0,0% 5,1% 15,0% 15,2% 9,8% 14,3% 8,6% 5,1%
DUT_HHV11 8,6% 19,1% 15,4% 15,4% 19,1% 15,4% 12,1% 11,3% 15,4%
A0A0S1TJG0_HHV1 0,0% 0,0% 4,0% 0,0% 0,0% 2,8% 0,0% 0,0% 2,8%
A0A0B5E5S4_HHV1 3,7% 5,5% 0,0% 5,4% 0,0% 0,9% 4,9% 0,7% 0,0%
A0A0S1TJL6_HHV1 17,4% 21,4% 17,0% 25,4% 26,3% 12,1% 17,4% 22,3% 12,1%
A0A181ZH20_HHV11 0,0% 41,1% 18,3% 0,0% 0,0% 22,4% 18,3% 0,0% 0,0%
A0A0B5E481_HHV1 12,7% 8,0% 6,4% 11,6% 8,6% 8,4% 9,5% 8,0% 6,4%
G8HBF0_HHV1 1,5% 2,0% 2,5% 2,2% 0,8% 3,4% 0,9% 0,6% 3,6%
A0A0S1TER6_HHV1 0,0% 2,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 1,0%
A0A181ZH33_HHV11 2,0% 0,0% 0,0% 8,2% 0,0% 0,0% 0,0% 0,0% 0,0%
G8HBG0_HHV1 1,1% 0,0% 2,4% 6,7% 0,0% 2,8% 5,7% 0,0% 2,8%
A0A181ZGV0_HHV11 28,0% 16,6% 0,0% 35,4% 0,0% 18,8% 24,1% 12,4% 10,2%
G8HBG2_HHV1 9,2% 14,1% 14,5% 11,8% 10,2% 9,4% 9,2% 0,0% 13,5%
A0A181ZGW0_HHV11 8,6% 18,6% 19,9% 14,6% 19,3% 24,9% 12,3% 15,0% 19,9%
DUT_HHV11 8,6% 19,1% 15,4% 15,4% 19,1% 15,4% 12,1% 11,3% 15,4%
A0A181ZG15_HHV11 28,7% 28,7% 29,9% 42,6% 30,7% 30,7% 23,0% 25,0% 23,0%
G8HBG9_HHV1 2,5% 11,7% 2,3% 4,9% 8,0% 4,9% 2,5% 2,5% 8,0%
A0A181ZFX4_HHV11 8,8% 3,3% 5,5% 11,4% 3,3% 5,5% 3,3% 3,3% 3,3%
A0A0B5E9X1_HHV1 3,0% 19,7% 9,7% 14,0% 17,0% 9,7% 11,3% 14,0% 8,3%
A0A0B5EA79_HHV1 0,0% 0,0% 0,0% 5,3% 24,3% 0,0% 0,0% 5,3% 0,0%
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Table S 3: Cellular proteins found with HSV-1 nuclear capsids. 
A-capsids B-capsids C-capsids
Uniprot Alternate ID Description mw (kDa) Average SEM Average SEM Average SEM
Ribosomal
RL10_HUMAN RPL10 60S ribosomal protein L10 25 kDa 2,3 0,3 0,7 0,3 1,0 0,0
A8K4C8_HUMAN RPL13 60S ribosomal protein L13 24 kDa 11,3 4,4 4,7 0,9 6,3 0,3
A0A024QZD1_HUMAN RPL18 Ribosomal protein L18, isoform CRA_c 22 kDa 3,0 1,0 0,7 0,7 0,7 0,3
RL18A_HUMAN RPL18A 60S ribosomal protein L18a 21 kDa 3,0 1,5 1,7 0,9 0,0 0,0
J3KTE4_HUMAN RPL19 Ribosomal protein L19 23 kDa 2,7 0,9 0,0 0,0 0,0 0,0
K7EJT5_HUMAN RPL22 60S ribosomal protein L22 (Fragment) 5 kDa 1,7 0,7 0,0 0,0 0,0 0,0
C9JNW5_HUMAN RPL24 60S ribosomal protein L24 18 kDa 2,3 1,5 1,0 0,6 0,0 0,0
E9PLL6_HUMAN RPL27A 60S ribosomal protein L27a 12 kDa 3,3 1,3 0,3 0,3 1,0 0,6
RL28_HUMAN RPL28 60S ribosomal protein L28 16 kDa 5,0 1,0 2,3 0,3 4,0 0,6
RL35A_HUMAN RPL35A 60S ribosomal protein L35a 13 kDa 3,7 0,7 2,3 0,7 0,7 0,3
A0A024RBK3_HUMAN RPL6 60S ribosomal protein L6 33 kDa 1,7 0,7 0,7 0,7 0,3 0,3
A0A024R814_HUMAN RPL7 Ribosomal protein L7, isoform CRA_a 30 kDa 2,7 0,7 0,0 0,0 0,0 0,0
RS11_HUMAN RPS11 40S ribosomal protein S11 18 kDa 4,0 1,0 3,0 0,6 0,0 0,0
RS18_HUMAN RPS18 40S ribosomal protein S18 18 kDa 15,7 4,7 9,3 1,5 8,3 0,7
H0YEN5_HUMAN RPS2 40S ribosomal protein S2 (Fragment) 21 kDa 2,0 0,6 1,3 0,7 0,3 0,3
hnRNP
ROA0_HUMAN HNRNPA0 Heterogeneous nuclear ribonucleoprotein A0 31 kDa 6,7 3,2 5,7 1,2 8,7 0,3
ROA2_HUMAN HNRNPA2B1 Heterogeneous nuclear ribonucleoproteins A2/B1 37 kDa 17,7 2,0 24,7 5,2 23,7 3,4
ROA3_HUMAN HNRNPA3 Heterogeneous nuclear ribonucleoprotein A3 40 kDa 3,3 0,9 3,7 0,3 4,0 0,6
E9PCY7_HUMAN HNRNPH1 Heterogeneous nuclear ribonucleoprotein H 47 kDa 8,3 2,3 9,3 1,8 6,7 0,9
HNRPM_HUMAN HNRNPM Heterogeneous nuclear ribonucleoprotein M 78 kDa 42,7 10,4 43,0 6,5 35,0 1,7
HNRL2_HUMAN HNRNPUL2 Heterogeneous nuclear ribonucleoprotein U-like protein 2 85 kDa 0,7 0,3 3,3 1,3 1,3 0,9
A0A024RAZ7_HUMAN HNRPA1 Heterogeneous nuclear ribonucleoprotein A1, isoform CRA_b 39 kDa 8,0 1,2 7,0 1,2 8,7 0,3
A0A024R7T3_HUMAN HNRPF Heterogeneous nuclear ribonucleoprotein F, isoform CRA_a 46 kDa 7,7 2,0 7,0 0,0 6,3 0,9
A0A024QZK8_HUMAN HNRPH3 Heterogeneous nuclear ribonucleoprotein H3 (2H9), isoform CRA_a 37 kDa 1,3 0,7 5,7 0,3 5,3 1,9
A0A024R228_HUMAN HNRPK Heterogeneous nuclear ribonucleoprotein K, isoform CRA_d 51 kDa 1,7 0,7 4,3 1,5 1,3 0,3
A0A024R0J9_HUMAN HNRPUL1 Heterogeneous nuclear ribonucleoprotein U-like 1, isoform CRA_a 85 kDa 3,3 0,7 5,7 1,8 4,0 0,6
HP1B3_HUMAN HP1BP3 Heterochromatin protein 1-binding protein 3 61 kDa 5,7 2,2 1,0 0,6 0,3 0,3
A0A087WZ13_HUMAN RAVER1 Ribonucleoprotein PTB-binding 1 78 kDa 7,3 0,3 8,3 2,6 4,3 0,3
RNA binding
A8K5C4_HUMAN
cDNA FLJ76290, highly similar to Homo sapiens TIA1 cytotoxic granule-associated 
RNA bindingprotein-like 1 (TIAL1), transcript variant 1, mRNA 
42 kDa 1,3 0,9 2,3 0,3 2,7 0,3
B0QYK0_HUMAN EWSR1 RNA-binding protein EWS 65 kDa 0,0 0,0 7,0 1,5 1,7 0,9
FUS_HUMAN FUS RNA-binding protein FUS 53 kDa 4,3 1,2 11,3 1,2 3,3 1,2
A0A0S2Z4Z0_HUMAN RBM14 RNA binding motif protein 14 isoform 1 (Fragment) 69 kDa 12,7 2,3 21,0 4,4 11,3 0,9
RBM4_HUMAN RBM4 RNA-binding protein 4 40 kDa 0,7 0,7 2,3 1,5 2,0 1,2
RBMX_HUMAN RBMX RNA-binding motif protein, X chromosome 42 kDa 0,7 0,3 4,3 1,3 5,7 0,9
Translation
Q53HQ7_HUMAN Elongation factor 1-alpha (Fragment) 50 kDa 3,3 0,3 1,3 0,9 0,7 0,3
Heat shock
HSPB1_HUMAN HSPB1 Heat shock protein beta-1 23 kDa 6,0 2,5 5,3 1,5 1,7 0,7
B3GQS7_HUMAN HSPD1 Mitochondrial heat shock 60kD protein 1 variant 1 61 kDa 2,7 0,7 2,0 0,6 3,0 0,6
Histones
A3R0T7_HUMAN  Liver histone H1e 22 kDa 1,7 1,7 6,0 0,0 2,3 2,3
H2AV_HUMAN H2AFV Histone H2A.V 14 kDa 5,3 0,9 1,3 0,9 1,3 1,3
H15_HUMAN HIST1H1B Histone H1.5 23 kDa 2,7 1,3 3,3 0,3 0,7 0,7
H12_HUMAN HIST1H1C Histone H1.2 21 kDa 10,3 4,3 4,7 2,3 7,3 0,9
U3KQK0_HUMAN HIST1H2BN Histone H2B 19 kDa 3,3 0,9 0,3 0,3 0,3 0,3
B2R4R0_HUMAN HIST1H4H Histone H4 11 kDa 28,0 7,9 16,0 2,6 20,0 1,2
DNA/chromosomes
CTF8A_HUMAN CHTF8 Chromosome transmission fidelity protein 8 homolog isoform 2 51 kDa 0,0 0,0 3,3 0,9 0,0 0,0
A0A024R4E2_HUMAN TARDBP TAR DNA binding protein, isoform CRA_b 45 kDa 1,7 0,9 5,3 0,9 1,7 0,9
Others
A8K1F4_HUMAN cDNA FLJ78094, highly similar to Homo sapiens myeloid leukemia factor 2, mRNA 
28 kDa
12,0 3,6 9,7 2,4 7,0 0,6
A8K6K7_HUMAN  Glycogen synthase 84 kDa 0,7 0,3 0,3 0,3 4,3 0,3
B2R853_HUMAN cDNA, FLJ93744, highly similar to Homo sapiens keratin 6E (KRT6E), mRNA 60 kDa 3,3 2,0 2,7 1,8 10,7 2,7
B4E0X8_HUMAN cDNA FLJ61021, highly similar to Far upstream element-binding protein 1 66 kDa 4,0 0,6 14,3 1,8 6,7 1,2
Q96T67_HUMAN TOB3 65 kDa 11,3 4,5 0,3 0,3 0,3 0,3
ANX11_HUMAN ANXA11 Annexin A11 54 kDa 1,5 4,7 1,8 8,7 1,2
ANXA7_HUMAN ANXA7 Annexin A7 53 kDa 5,3 0,3 5,7 0,7 8,0 0,6
A0A0S2Z3B6_HUMAN ASS1 Argininosuccinate synthase 1 isoform 2 (Fragment) 24 kDa 1,3 0,3 0,0 0,0 0,0 0,0
A0A0S2Z569_HUMAN DAZAP1 DAZ associated protein 1 isoform 1 43 kDa 0,3 0,3 2,0 0,6 1,3 0,3
A0A0J9YX62_HUMAN DNAJB6 DnaJ homolog subfamily B member 6 37 kDa 4,7 0,3 5,0 2,5 1,7 0,3
ELAV1_HUMAN ELAVL1 ELAV-like protein 1 36 kDa 2,3 0,7 2,7 0,3 3,7 0,3
A0A024R462_HUMAN FN1 Fibronectin 1, isoform CRA_n 259 kDa 0,0 0,0 0,0 0,0 3,3 0,7
A0A024R693_HUMAN hCG_22119 Galectin 26 kDa 1,7 1,2 2,0 0,0 4,7 0,9
A0A024R261_HUMAN hCG_24487 HCG24487, isoform CRA_c 21 kDa 4,3 2,0 2,0 0,6 0,7 0,3
A0A024R8A7_HUMAN hCG_31253 HCG31253, isoform CRA_a 62 kDa 2,3 1,2 7,0 1,0 6,7 0,7
HORN_HUMAN HRNR Hornerin OS=Homo sapiens 282 kDa 3,3 1,8 0,7 0,3 4,7 1,5
A0A087WTP3_HUMAN KHSRP Far upstream element-binding protein 2 73 kDa 0,0 0,0 9,7 0,9 1,3 1,3
K1C14_HUMAN KRT14 Keratin, type I cytoskeletal 14 OS=Homo sapiens GN=KRT14 PE=1 SV=4 52 kDA 4,3 2,6 2,7 1,5 7,7 1,3
K1C16_HUMAN KRT16 Keratin, type I cytoskeletal 16 51 kDa 5,3 2,9 3,3 1,3 6,0 1,5
K2C5_HUMAN KRT5 Keratin, type II cytoskeletal 5 62 kDa 3,3 2,4 2,0 1,0 11,0 1,5
A0A0R4J2E8_HUMAN MATR3 Matrin-3 95 kDa 5,3 0,9 11,7 5,8 2,3 0,7
NCOA5_HUMAN NCOA5 Nuclear receptor coactivator 5 66 kDa 2,0 0,0 2,7 0,7 1,3 1,3
A0A0S2Z4Z9_HUMAN NONO Non-POU domain containing octamer-binding isoform 1 (Fragment) 54 kDa 7,0 2,0 12,7 2,6 8,0 0,6
PCBP1_HUMAN PCBP1 Poly(rC)-binding protein 1 37 kDa 0,3 0,3 0,3 0,3 2,3 0,3
PDCD5_HUMAN PDCD5 Programmed cell death protein 5 14 kDa 4,3 1,5 1,3 0,9 1,3 0,3
PDCD6_HUMAN PDCD6 Programmed cell death protein 6 22 kDa 13,7 3,8 11,3 3,0 14,3 2,9
PEF1_HUMAN PEF1 Peflin 30 kDa 4,7 0,7 5,7 0,7 6,3 0,3
K7EJ44_HUMAN PFN1 Profilin 11 kDa 0,3 0,3 0,0 0,0 1,7 0,9
SORCN_HUMAN SRI Sorcin 22 kDa 1,3 0,7 1,0 0,6 2,3 0,7




Exp 1 Exp 2 Exp 3
Total spectra
A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids Mock A Mock B Mock C
RL10_HUMAN 3 1 1 2 1 1 2 0 1 0 0 0
A8K4C8_HUMAN 6 3 7 20 6 6 8 5 6 0 0 0
A0A024QZD1_HUMAN 2 0 1 5 0 0 2 2 1 0 0 0
RL18A_HUMAN 2 2 0 6 3 0 1 0 0 0 0 0
J3KTE4_HUMAN 1 0 0 4 0 0 3 0 0 0 0 0
K7EJT5_HUMAN 1 0 0 3 0 0 1 0 0 0 0 0
C9JNW5_HUMAN 0 0 0 5 2 0 2 1 0 0 0 0
E9PLL6_HUMAN 2 0 1 6 0 2 2 1 0 0 0 0
RL28_HUMAN 4 2 4 7 3 5 4 2 3 0 0 0
RL35A_HUMAN 3 3 1 5 3 0 3 1 1 0 0 0
A0A024RBK3_HUMAN 1 2 0 3 0 0 1 0 1 0 0 0
A0A024R814_HUMAN 4 0 0 2 0 0 2 0 0 0 0 0
RS11_HUMAN 3 4 0 6 3 0 3 2 0 0 0 0
RS18_HUMAN 12 9 7 25 12 9 10 7 9 0 0 0
H0YEN5_HUMAN 2 2 1 3 2 0 1 0 0 0 0 0
ROA0_HUMAN 3 4 9 13 8 8 4 5 9 0 0 0
ROA2_HUMAN 18 24 28 21 34 26 14 16 17 0 0 0
ROA3_HUMAN 5 4 4 3 3 3 2 4 5 0 0 0
E9PCY7_HUMAN 6 10 8 13 12 5 6 6 7 1 0 0
HNRPM_HUMAN 29 36 38 63 56 32 36 37 35 0 0 0
HNRL2_HUMAN 1 2 1 1 6 0 0 2 3 0 0 0
A0A024RAZ7_HUMAN 6 9 9 10 7 8 8 5 9 0 0 0
A0A024R7T3_HUMAN 8 7 8 11 7 5 4 7 6 0 0 0
A0A024QZK8_HUMAN 2 6 4 2 5 3 0 6 9 0 0 0
A0A024R228_HUMAN 3 2 1 1 7 1 1 4 2 0 0 0
A0A024R0J9_HUMAN 2 9 3 4 5 4 4 3 5 0 0 0
HP1B3_HUMAN 4 2 0 10 1 0 3 0 1 0 0 0
A0A087WZ13_HUMAN 8 4 4 7 13 4 7 8 5 0 0 0
A8K5C4_HUMAN 1 2 3 3 3 2 0 2 3 0 0 0
B0QYK0_HUMAN 0 6 2 0 10 0 0 5 3 0 0 0
FUS_HUMAN 5 9 4 6 12 1 2 13 5 0 0 0
A0A0S2Z4Z0_HUMAN 12 28 13 17 22 10 9 13 11 0 0 0
RBM4_HUMAN 0 5 0 2 2 2 0 0 4 0 0 0
RBMX_HUMAN 0 3 4 1 7 6 1 3 7 0 0 0
Q53HQ7_HUMAN 3 3 1 4 0 1 3 1 0 0 0 0
HSPB1_HUMAN 4 8 1 11 5 1 3 3 3 0 0 0
B3GQS7_HUMAN 4 1 3 2 3 4 2 2 2 0 35 0
A3R0T7_HUMAN 5 6 7 0 6 0 0 6 0 0 0 0
H2AV_HUMAN 5 3 0 7 0 4 4 1 0 0 0 0
H15_HUMAN 4 3 2 4 4 0 0 3 0 0 0 0
H12_HUMAN 6 7 7 19 7 9 6 0 6 0 0 0
U3KQK0_HUMAN 3 0 0 5 0 1 2 1 0 0 0 0
B2R4R0_HUMAN 25 12 18 43 21 22 16 15 20 0 0 0
CTF8A_HUMAN 0 2 0 0 5 0 0 3 0 0 0 0
A0A024R4E2_HUMAN 3 7 3 2 5 0 0 4 2 0 0 0
A8K1F4_HUMAN
7 5 6 19 13 7 10 11 8 0 0 0
A8K6K7_HUMAN 1 1 4 1 0 5 0 0 4 0 0 0
B2R853_HUMAN 7 0 9 0 6 16 3 2 7 0 0 0
B4E0X8_HUMAN 3 15 6 4 17 5 5 11 9 0 0 0
Q96T67_HUMAN 9 0 0 20 0 0 5 1 1 0 0 0
ANX11_HUMAN 4 4 11 6 8 7 1 2 8 0 0 0
ANXA7_HUMAN 5 5 9 6 5 7 5 7 8 1 2 0
A0A0S2Z3B6_HUMAN 2 0 0 1 0 0 1 0 0 0 0 0
A0A0S2Z569_HUMAN 0 1 1 0 2 1 1 3 2 0 0 0
A0A0J9YX62_HUMAN 4 3 1 5 10 2 5 2 2 0 0 0
ELAV1_HUMAN 1 2 3 3 3 4 3 3 4 0 0 0
A0A024R462_HUMAN 0 0 2 0 0 4 0 0 4 0 0 0
A0A024R693_HUMAN 1 2 5 4 2 6 0 2 3 0 0 0
A0A024R261_HUMAN 1 3 1 8 2 0 4 1 1 0 0 0
A0A024R8A7_HUMAN 0 8 6 4 8 6 3 5 8 0 0 0
HORN_HUMAN 6 1 2 0 0 5 4 1 7 0 0 0
A0A087WTP3_HUMAN 0 11 0 0 10 0 0 8 4 0 0 0
K1C14_HUMAN 9 0 9 0 5 9 4 3 5 2 4 0
K1C16_HUMAN 10 2 8 0 6 7 6 2 3 0 0 0
ANXA7_HUMAN 8 3 9 0 3 14 2 0 10 0 4 1
A0A0R4J2E8_HUMAN 5 23 3 7 8 1 4 4 3 0 0 0
NCOA5_HUMAN 2 4 0 2 2 0 2 2 4 0 0 0
A0A0S2Z4Z9_HUMAN 5 17 8 11 13 9 5 8 7 0 0 0
PCBP1_HUMAN 0 0 3 1 1 2 0 0 2 0 0 0
PDCD5_HUMAN 4 1 1 7 3 1 2 0 2 0 0 0
PDCD6_HUMAN 12 10 15 21 17 19 8 7 9 0 0 0
PEF1_HUMAN 4 5 6 6 7 7 4 5 6 0 0 0
K7EJ44_HUMAN 0 0 2 0 0 3 1 0 0 0 0 0
SORCN_HUMAN 2 0 1 2 2 3 0 1 3 0 0 0




Exp 1 Exp 2 Exp 3
Percent coverage of 
the protein
A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids A-capsids B-capsids C-capsids
RL10_HUMAN 9,4% 3,7% 3,7% 9,8% 3,7% 3,7% 9,4% 0.0 3,7%
A8K4C8_HUMAN 18,0% 9,5% 18,5% 40,8% 19,4% 18,5% 15,2% 14,2% 14,2%
A0A024QZD1_HUMAN 11,2% 0,0% 5,9% 11,7% 0,0% 0.0 6,4% 11,2% 5,9%
RL18A_HUMAN 5,7% 5,7% 0,0% 14,8% 14,8% 0,0% 5,7% 0.0 0,0%
J3KTE4_HUMAN 4,1% 0.0 0.0 13,9% 0.0 0.0 4,6% 0.0 0.0
K7EJT5_HUMAN 23,4% 0.0 0.0 51,1% 0.0 0.0 27,7% 0.0 0.0
C9JNW5_HUMAN 0,0% 0,0% 0,0% 26,0% 5,3% 0,0% 14,0% 5,3% 0,0%
E9PLL6_HUMAN 10,2% 0,0% 10,2% 12,0% 0.0 10,2% 18,5% 8,3% 0.0
RL28_HUMAN 16,1% 8,0% 16,1% 17,5% 13,9% 23,4% 16,1% 8,0% 16,1%
RL35A_HUMAN 19,1% 19,1% 10,9% 20,9% 19,1% 0.0 10,9% 10,9% 8,2%
A0A024RBK3_HUMAN 2,8% 5,9% 0.0 8,7% 0.0 0.0 2,8% 0.0 3,1%
A0A024R814_HUMAN 14,7% 0.0 0.0 11,6% 0.0 0.0 7,0% 0.0 0.0
RS11_HUMAN 10,1% 15,2% 0.0 22,2% 10,1% 0.0 16,5% 10,1% 0.0
RS18_HUMAN 36,2% 25,0% 27,0% 49,3% 25,0% 32,2% 25,0% 25,0% 32,9%
H0YEN5_HUMAN 9,7% 9,7% 4,1% 9,7% 9,7% 0.0 5,6% 0.0 0.0
ROA0_HUMAN 9,5% 14,4% 10,8% 19,7% 15,7% 10,8% 14,4% 13,1% 15,7%
ROA2_HUMAN 40,8% 43,3% 45,9% 36,3% 43,1% 45,9% 23,2% 32,0% 36,5%
ROA3_HUMAN 13,8% 13,8% 13,8% 10,3% 11,4% 11,4% 11,4% 13,8% 13,8%
E9PCY7_HUMAN 8,2% 11,9% 8,2% 12,4% 11,9% 8,2% 6,3% 8,2% 8,2%
HNRPM_HUMAN 33,6% 27,4% 26,2% 36,7% 27,8% 27,4% 25,9% 24,2% 25,8%
HNRL2_HUMAN 1,7% 3,0% 1,7% 1,7% 3,0% 0,0% 0,0% 3,0% 3,0%
A0A024RAZ7_HUMAN 19,9% 22,3% 22,0% 25,0% 22,3% 23,9% 22,3% 13,7% 18,8%
A0A024R7T3_HUMAN 10,1% 6,3% 6,3% 12,3% 6,3% 6,3% 6,3% 6,3% 6,3%
A0A024QZK8_HUMAN 6,9% 17,1% 13,0% 6,9% 14,5% 6,9% 0,0% 18,2% 24,3%
A0A024R228_HUMAN 5,8% 3,7% 3,7% 3,7% 13,8% 3,7% 1,9% 10,6% 6,7%
A0A024R0J9_HUMAN 2,8% 9,7% 3,8% 5,2% 6,2% 4,9% 4,0% 4,9% 4,9%
HP1B3_HUMAN 5,1% 3,6% 0.0 13,6% 2,0% 0.0 4,0% 0.0 2,0%
A0A087WZ13_HUMAN 12,7% 6,1% 4,6% 9,3% 6,4% 4,6% 8,4% 6,1% 6,9%
A8K5C4_HUMAN 2,9% 5,3% 7,5% 7,5% 8,3% 4,5% 0,0% 5,3% 8,3%
B0QYK0_HUMAN 0,0% 8,6% 3,9% 0,0% 13,1% 0,0% 0,0% 8,6% 6,8%
FUS_HUMAN 10,8% 11,6% 9,3% 9,3% 13,3% 3,0% 6,8% 15,8% 9,1%
A0A0S2Z4Z0_HUMAN 11,2% 24,1% 16,4% 19,1% 19,6% 15,7% 13,8% 15,2% 11,8%
RBM4_HUMAN 0,0% 14,3% 2,2% 6,6% 6,6% 7,7% 0,0% 0,0% 7,7%
RBMX_HUMAN 0,0% 6,7% 12,3% 2,1% 16,6% 11,8% 2,1% 9,5% 14,3%
Q53HQ7_HUMAN 3,5% 3,5% 1,7% 3,5% 0.0 1,7% 3,5% 1,7% 1,7%
HSPB1_HUMAN 14,1% 22,9% 5,4% 34,6% 9,8% 4,9% 9,8% 9,8% 10,2%
B3GQS7_HUMAN 7,6% 3,7% 8,6% 6,3% 7,6% 8,6% 6,5% 8,8% 6,5%
A3R0T7_HUMAN 15,1% 22,4% 15,5% 0,0% 26,9% 0,0% 0,0% 20,1% 0,0%
H2AV_HUMAN 25,8% 18,0% 0.0 25,8% 18,0% 18,0% 18,0% 10,9% 0.0
H15_HUMAN 14,2% 14,2% 5,8% 13,7% 9,7% 0,0% 0,0% 14,6% 0,0%
H12_HUMAN 19,7% 19,7% 16,0% 32,4% 24,4% 17,8% 23,0% 0.0 18,8%
U3KQK0_HUMAN 12,7% 0,0% 0,0% 12,7% 0,0% 5,4% 6,0% 6,6% 0,0%
B2R4R0_HUMAN 39,8% 32,0% 39,8% 56,3% 39,8% 47,6% 33,0% 33,0% 32,0%
CTF8A_HUMAN 0,0% 4,8% 0,0% 0,0% 6,3% 0,0% 0,0% 4,2% 2,1%
A0A024R4E2_HUMAN 6,3% 11,8% 4,1% 4,8% 9,2% 0,0% 0,0% 11,8% 7,0%
A8K1F4_HUMAN
18,5% 19,0% 13,3% 30,6% 26,6% 14,1% 23,4% 23,4% 18,1%
A8K6K7_HUMAN 1,4% 1,1% 8,3% 1,4% 0,0% 8,6% 0,0% 0,0% 5,2%
B2R853_HUMAN 9,8% 0,0% 8,3% 0,0% 8,5% 17,2% 5,0% 3,4% 5,0%
B4E0X8_HUMAN 6,5% 13,0% 9,7% 7,6% 22,1% 6,0% 7,8% 14,5% 9,7%
Q96T67_HUMAN 13,1% 0.0 0.0 13,1% 0.0 0.0 4,7% 2,1% 1,4%
ANX11_HUMAN 9,1% 8,1% 18,6% 9,1% 9,9% 9,1% 3,2% 5,5% 11,7%
ANXA7_HUMAN 8,6% 7,4% 16,0% 8,6% 7,6% 13,0% 10,0% 12,0% 9,0%
A0A0S2Z3B6_HUMAN 5,1% 0.0 0.0 4,6% 0.0 0.0 5,1% 0.0 0.0
A0A0S2Z569_HUMAN 0,0% 3,7% 3,7% 0,0% 3,7% 3,7% 3,7% 5,9% 3,7%
A0A0J9YX62_HUMAN 5,1% 5,1% 3,0% 5,1% 8,4% 5,4% 5,1% 7,8% 5,4%
ELAV1_HUMAN 3,4% 6,1% 6,1% 6,1% 6,1% 13,8% 9,5% 13,8% 13,8%
A0A024R462_HUMAN 0,0% 0,0% 1,1% 0,0% 0,0% 1,6% 0,0% 0,0% 1,6%
A0A024R693_HUMAN 4,4% 10,0% 14,4% 14,4% 10,0% 14,4% 0,0% 10,0% 10,0%
A0A024R261_HUMAN 4,9% 17,9% 5,4% 22,8% 10,3% 0.0 14,7% 4,9% 5,4%
A0A024R8A7_HUMAN 0,0% 9,4% 7,0% 7,2% 7,9% 7,9% 5,6% 7,0% 7,0%
HORN_HUMAN 3,7% 0,7% 1,1% 0,0% 0,0% 1,9% 2,1% 0,7% 3,4%
A0A087WTP3_HUMAN 0,0% 13,8% 0,0% 0,0% 14,5% 0,0% 0,0% 12,8% 3,0%
K1C14_HUMAN 12,1% 0,0% 16,5% 0,0% 7,0% 16,7% 6,6% 7,8% 9,8%
K1C16_HUMAN 16,1% 3,8% 16,3% 0,0% 6,8% 11,6% 11,4% 4,9% 6,8%
K2C5_HUMAN 8,5% 3,4% 8,5% 0,0% 4,9% 14,0% 3,2% 0,0% 10,0%
A0A0R4J2E8_HUMAN 3,8% 14,6% 3,9% 4,7% 4,5% 1,7% 2,6% 5,3% 4,0%
NCOA5_HUMAN 3,3% 4,5% 0.0 3,3% 1,7% 0.0 3,1% 3,3% 6,0%
A0A0S2Z4Z9_HUMAN 3,4% 16,3% 8,3% 11,9% 12,1% 11,9% 7,4% 11,9% 8,3%
PCBP1_HUMAN 0,0% 0,0% 8,7% 2,5% 2,5% 5,6% 0,0% 0,0% 3,1%
PDCD5_HUMAN 19,2% 10,4% 8,8% 28,0% 19,2% 8,8% 10,4% 0.0 19,2%
PDCD6_HUMAN 39,8% 18,8% 30,9% 35,1% 39,8% 36,6% 15,7% 13,1% 13,1%
PEF1_HUMAN 10,2% 7,4% 10,2% 10,2% 7,4% 10,2% 7,4% 7,4% 10,2%
K7EJ44_HUMAN 0,0% 0,0% 18,3% 0,0% 0,0% 18,3% 13,5% 0,0% 0,0%
SORCN_HUMAN 11,6% 0,0% 5,6% 12,6% 9,6% 11,6% 0,0% 4,0% 9,6%
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Chapitre III - Discussion générale 
L'analyse protéomique des virions extracellulaires par spectrométrie de masse a identifié 
23 protéines virales comme étant du tégument, et quelques 49 protéines cellulaires incluant des 
protéines impliquées dans le trafic cellulaire et l'exocytose (188, 189). Cependant, aucune étude 
comparable n’a permis de caractériser la composition complète des capsides nucléaires. De 
plus, la séquence et les mécanismes responsables de l’acquisition des protéines du tégument ne 
sont pas très clairs et nécessitent beaucoup d’investissements. Les protéines du tégument ont 
fait l’objet de nombreuses études afin de déterminer leurs rôles dans l’infection et la virulence. 
Cependant, étant limitées par les techniques conventionnelles telles que le dosage par plaque « 
plaque assay », la plupart de ces études considèrent l’ensemble d’une population virale comme 
étant la responsable du phénotype d’infection sans prendre en considération une éventuelle 
variabilité au sein d’une même population (189, 621, 630, 631). En effet, jusqu'à nos jours, 
aucune technique ne permet d’évaluer directement l’impact biologique d’une variabilité 
quantitative des protéines du tégument d’une façon individuelle entre les particules virales. 
III.1 La virométrie de flux : avantages et limites 
Les virus sont de très petites particules qui sont en dessous de la limite de détection de 
la plupart des instruments de cytométrie de flux. En effet, la taille des particules à analyser par 
cytométrie de flux constitue un facteur limitant pour cette technologie. Cependant, cette limite 
de détection est améliorée lors de l'utilisation de la lumière diffractée mesurée en face et sur le 
côté (FSC / SSC) « Forward Scatter / Side Scatter » conjointement avec un marquage 
fluorescent. Dans le cas de notre étude, la combinaison de SSC avec la protéine fluorescente 
verte GFP « Green Fluorescent Protein » ou le Syto 13 qui est une molécule fluorescente qui 
se lie spécifiquement aux acides nucléiques (632), nous a permis dans le premier article de 
détecter les particules virales matures et de les trier selon l’intensité du signal GFP afin de 
déterminer l’impact biologique de la variabilité du tégument pour les protéines tégumentaires 
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VP16 (pUL48) et VP22 (pUL49). Dans le deuxième article, l’emploi de la virométrie en flux 
nous a permis de détecter les capsides nucléaires et d’évaluer leur pureté, mais surtout d’enrichir 
la pureté des capsides C afin de les analyser par la suite par spectrométrie de masse. L’utilisation 
de la virométrie en flux constitue un atout quant à la petite quantité de matériel nécessaire qui 
nous permet d’analyser un nombre de particules statistiquement pertinent. Elle permet la 
détection et l’analyse de toutes les composantes virales (capside, tégument, enveloppe). 
Cependant, il est primordial de contrôler certains paramètres tels que le type d'instrument 
utilisé, la détermination du bruit de fond, la calibration, la préparation du virus et la technique 
de coloration (614). Finalement, la virométrie de flux fournit ainsi de nouveaux outils pour 
répondre à des questions biologiques et quantitatives sur des virus qui ont subsisté très 
longtemps sans réponses. 
III.2 L’hétérogénéité du tégument et son impact sur l'infectiosité 
La couche protéique du tégument est située dans l'espace entre l'enveloppe et la capside 
et occupe environ les deux tiers du volume à l'intérieur du virion (145). L’analyse des particules 
virales matures par tomographie cryo-électronique a révélé que les protéines du tégument sont 
distribuées de façon non symétrique et adoptent une structure polaire (633). Cette asymétrie a 
également été observée par microscopie à super-résolution ainsi que par l'imagerie par 
fluorescence des particules individuelles (471, 634). En plus de cette hétérogénéité structurale, 
nous avons démontré qu’il y a aussi une hétérogénéité quantitative et qualitative dans les 
protéines du tégument dont la pertinence biologique varie d’une protéine à une autre et d’une 
particule virale à une autre. En effet, l’analyse par virométrie de flux de particules virales 
marquées au niveau de différentes protéines (capsides, tégument et enveloppe) par le GFP nous 
a permis de conclure que pendant que certaines protéines du tégument démontrent une 
stœchiométrie étroitement contrôlée, d'autres peuvent être plus flexibles. Ceci est vrai pour les 
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protéines du tégument ICP0, pUL37 et VP11/12 (pUL46) qui ne varient statistiquement pas plus 
que les protéines structurales de la capside pUL25 ou VP26 (pUL35) dont le nombre est 
fortement contrôlé lors de l’assemblage des capsides (145). Ces résultats sont en parfaite 
concordance avec une étude dans laquelle la quantité de pUL37 incorporée dans les particules 
virales reste la même après la surexpression de cette protéine dans les cellules infectées (469). 
Cependant, l’incorporation des protéines VP16 (pUL48) et VP22 (pUL49) varie de façon très 
significative entre les particules virales et ceci est en accord avec une étude par spectrométrie 
de masse qui démontre que la quantité de ces deux protéines varie considérablement lors de 
l’infection des cellules par des mutants VP13/14 (pUL47), VP22 (pUL47), US3 et gE (470). 
Cette variabilité a été aussi remarquée par spectrofluorométrie et par microscopie à fluorescence 
(471, 619).  
La déplétion de VP16 provoque une agrégation des nucléocapsides ainsi qu’un défaut 
dans l’enveloppement des particules virales (435), alors que la délétion réduit la réplication et 
induit la production de beaucoup de particules légères (L-particules) contenant de grandes 
quantités de pUL46, pUL47 et pUL49, mais pas pUL36 et pUL37  (478, 635). L’infection par des 
mutants déplétés pour VP22 réduit la sortie virale et l’absence de VP22 est compensée par une 
augmentation de la quantité d’actine incorporée (636).  
Toutefois, l’impact biologique de la variation des protéines tégumentaires VP16 et 
VP22 n’a jamais été déterminé au niveau individuel des particules virales. À cette fin, nous 
avons récolté des populations virales aux extrémités des courbes de répartition des téguments 
et obtenu des stocks viraux en incorporant les quantités les plus faibles ou les plus élevées de 
VP16 ou VP22 puis nous avons déterminé l’infectiosité de ces particules. Les résultats obtenus 
montrent une corrélation évidente entre l'abondance de VP16 ou VP22 dans les virions et 
l'infectiosité. Ceci est confirmé lors de l’utilisation des siRNA pour produire des particules 
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virales contenant très peu de VP16 ce qui suggère que la quantité de VP16 a un impact direct 
sur l’infectiosité des particules virales. Pour VP22 la contradiction entre les résultats de dosage 
par plaque et les déplétions par siRNA suggère que la quantité de VP22 affecte indirectement 
l’infectiosité virale. La quantité de VP22 incorporée dans les particules virales pourrait 
probablement affecter l’incorporation d’autres protéines virales qui sont des partenaires directes 
comme ICP0 ou VP16 ou indirectes comme VHS (511).  
Un autre aspect de la modulation de la quantité des protéines du tégument et son impact 
sur l’ensemble du protéome viral est la modification de ces protéines en leur introduisant des 
marqueurs tels que la GFP. L’analyse quantitative des protéines du tégument par western blot 
nous indique clairement que certaines protéines sont très sensibles à l’ajout de marqueur comme 
la GFP et que ce dernier provoque un changement dans le taux d’incorporation non seulement 
de la protéine marquée, mais aussi des autres protéines susceptibles d’interagir de façon directe 
ou indirecte avec elle. Ceci étant en accord avec les observations que le marquage des virions 
avec la GFP affecte souvent l'organisation des virions et / ou les fonctions des protéines 
marquées (488, 637). De plus, la GFP a tendance à oligomériser et cela peut affecter la fonction 
biologique de la protéine (638, 639). Par conséquent, il est recommandé de marquer les 
protéines par des marqueurs monomériques qui sont généralement désignés par «m» comme 
première lettre du nom de la protéine, par exemple mCherry (638, 639). 
L’ensemble de ces résultats nous indique que l’infectiosité des particules virales est 
directement liée à la quantité de tégument dans le cas de VP16 alors qu’il s’agit d’un processus 





Les différences dans l’infectiosité des particules incorporant les quantités les plus faibles 
ou les plus élevées de VP16 ou VP22 pourraient être dues au fait que les particules ayant plus 
de VP16 ou VP22 soient plus stables que leurs homologues ayant les quantités les plus faibles. 
Toutefois, l’analyse de la stabilité des particules virales triées pour leur haute ou faible teneur 
en pUL37, VP16 ou VP22 démontre que les deux populations sont affectées de façon similaire 
lorsqu’elles sont chauffées préalablement à la température de l’éjection de l’ADN viral de la 
capside (37°C) (640).  Ceci suggère que la stabilité des deux populations est comparable ce qui 
consolide l’hypothèse que la quantité du tégument impacte directement l’infectiosité (résultats 
non publiés). 
III.3 Analyse protéomique des capsides nucléaires 
III.3.1 Approche expérimentale 
Tel que discuté plus lors du cycle lytique, les capsides nucléaires nouvellement formées 
acquièrent les premières protéines du tégument au niveau du noyau puis séquentiellement au 
niveau du cytoplasme et du TGN. Cette acquisition est favorisée par un réseau très complexe 
d’interactions protéiques entre les protéines de la capside et les protéines du tégument, mais 
Figure 16. Impact de la modulation des VP16 et VP22 sur le protéome viral 
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aussi entre les protéines de la couche tégumentaire elles-mêmes. Cependant, la séquence exacte 
d’addition de ces protéines est encore mal définie. Afin d’apporter plus de lumière sur ce 
processus, nous avons analysé la composition protéique des capsides nucléaires A, B et C par 
spectrométrie de masse. Avant de procéder à l’analyse protéomique, il fallait résoudre le 
problème de contamination des capsides par d’éventuelles protéines cellulaires et la 
contamination croisée des capsides, car étant séparées sur un gradient continu de sucrose, cette 
technique ne permet pas d’avoir des capsides C hautement purifiées contrairement aux A et B 
(49, 641). Pour remédier à ce problème, nous avons exploité les différences morphologiques 
basées sur les contenus des capsides afin d’évaluer leur pureté par microscopie électronique, 
mais surtout pour purifier les capsides C. Les capsides A et B ont une pureté d’un peu plus que 
90% (minium toléré pour la SM) tandis que les capsides C sont contaminées a 30% par des 
capsides B, ce qui constitue un problème pour l’analyse par spectrométrie de masse pour les 
capsides C. Pour cela, nous avons marqué les capsides C par le Syto 13 de la même façon que 
nous avons procédé dans le premier article. Cette approche, nous a permis d’enrichir la pureté 
des capsides C a plus que 95%. De plus l’utilisation d’un contrôle de cellules non infectées nous 
a permis d’éliminer beaucoup de contaminants cellulaires. 
III.3.2 Les protéines des capsides nucléaires 
Les résultats de la spectrométrie de masse ont révélé que les capsides nucléaires A, B et 
C possèdent toutes les composantes protéiques majeures d’une capside mature à savoir VP5 
(pUL19), VP19c (pUL38), VP23 (pUL18), VP26 (pUL35), la protéine portale pUL6, pUL25 et la 
protéine d’échafaudage pUL26 quoique cette dernière soit présente en faible quantité pour les 
capsides C (145). Toutefois, nous avons noté que la protéine pUL17 est détectée dans les 
capsides A et C et absente dans les B, ce qui confirme que les capsides A sont le produit des 
capsides C qui n’ont pas pu incorporer l’ADN. La protéine pUL17 est indispensable pour la 
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fixation de pUL25 sur la portale pUL6 et ensembles, ces trois protéines sont impliquées dans 
l’encapsidation de l’ADN viral (145, 178, 182-187).  
En plus des protéines de la capside, l’analyse a permis la détection de plusieurs autres 
protéines tégumentaires et non tégumentaires ce qui suggère l’incorporation de ces protéines à 
un stade hâtif du cycle viral. La détection des protéines pUL31 et pUL34 du NEC confirme leur 
rôle essentiel pour la sortie des capsides du noyau (369, 383, 385, 390, 391, 400-404). La 
présence de la protéine du tégument interne pUL36 confirme l’acquisition de cette protéine au 
niveau du noyau (458). L’absence du pUL37, qui est un partenaire de pUL36, suggère que cette 
protéine est acquise plus tard ce qui est contradictoire avec l’étude qui démontre que 
l’association de pUL36 et pUL37 se fait au niveau du noyau (458). Il faut donc plus 
d’investissement pour déterminer si cette protéine est associée aux capsides au niveau du noyau. 
D’autres protéines du tégument telles que pUL21, pUL49, pUL50, pUL51 et pUs10 ont été 
détectées dans les capsides nucléaires suggérant leurs rôles probables dans la sortie du noyau. 
Seules les protéines pUL42 et pUL46 sont spécifiques aux capsides C. Toutefois, le rôle exact 
de ces protéines dans le cycle viral reste à déterminer (190). Ceci suggèrerait que la sélection 
des capsides C par le noyau serait la conséquence d’un processus plus complexe impliquant 
probablement les protéines de l’hôte.  
La présence de protéines cellulaires a également été constatée. Leur présence n’est pas 
une contamination vue l’utilisation du contrôle de cellules non infectées qui a permis 
l’élimination des contaminants. Il est à noter que ces protéines ne sont pas incorporées dans le 
virus mature (188) ce qui suggère leurs rôles possibles dans le processus de sortie des capsides 
du noyau. Il est donc primordial de pousser la recherche dans ce sens afin de déterminer leurs 
rôles exacts dans ce processus notamment, en déplétant les gènes codant pour ces protéines, par 
des ARN interférences. 
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Toutes ces données confirment l’hypothèse de l’acquisition de certaines protéines du 
tégument au niveau du noyau ce qui suggère l’implication probable de ces protéines dans 
l’enveloppement primaire des capsides. De plus, la présence de protéines cellulaires suggère 
fortement l’implication des protéines de l’hôte dans les premières étapes de la maturation des 
capsides. 
III.4 Perspectives de recherche 
Maintenant que nous savons que la variabilité de l’incorporation de VP16 ou VP22 
module l’infectiosité du virus, il serait très intéressant d’analyser in vitro l’ensemble des 
protéines du tégument sans oublier les protéines cellulaires. Une telle étude nous permettra de 
mieux comprendre le cycle d’infection lytique ainsi que de déterminer le rôle des protéines 
virales et cellulaires dans ce processus. Pour cela, il faudrait générer des virus ayant chacun une 
seule protéine marquée avec des marqueurs monomériques tels que le mCherry afin de 
surmonter les problèmes liés à l’utilisation de la GFP. 
L’analyse des virus marqués à la GFP par western blot révèle que la modification d’une 
protéine affecte l’incorporation des autres protéines virales. Cependant, il serait très important 
de vérifier l’impact de la modulation de la quantité de VP16 ou VP22 sur l’incorporation des 
autres protéines tégumentaires. 
III.4.1 Impact de la modulation du tégument sur la virulence dans l'hôte 
Les résultats du premier article nous ont permis de déterminer qu’il existe une 
hétérogénéité dans les populations virales qui est due au fait que les particules virales 
n’incorporent pas toutes forcement la même quantité d’une protéine donnée. Cette 
hétérogénéité se traduit par une variabilité de l’infectiosité sur les lignées cellulaires in vitro. 
Cependant, on ignore si le même scénario se reproduirait chez les animaux in vivo. Une telle 
étude nous permettra d’apporter plus de lumière sur la virulence chez l’hôte et contribuera 
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probablement au développement de nouveaux vaccins thérapeutiques et/ou préventifs. Ceci 
serait possible en utilisant la même approche expérimentale à savoir, l’emploie la cytométrie 
en flux pour le tri des particules virales selon leur teneur en tégument puis la concentration de 
ces virions dans un volume minimum pour les injecter aux souris. 
III.4.2 Protéomique des intermédiaires viraux du VHS-1 
L'analyse protéomique des particules virales matures par spectrométrie de masse a 
permis de caractériser la composition protéique intégrale du VHS-1 (188). Dans le deuxième 
article, nous avons fait la même chose pour les capsides nucléaires. Afin d’apporter plus de 
lumière sur le processus de la maturation et mieux comprendre les mécanismes sous-jacents, il 
serait judicieux de suivre les capsides tout au long de la cellule et de déterminer la composition 
protéique des différents intermédiaires comme, les capsides enveloppées périnucléaires, 
capsides cytoplasmiques nues, les capsides associées au TGN et les virus enveloppés dans les 
vésicules de transport. La comparaison de la composition protéique de toutes ces particules 
permettra d’établir l’incontestable séquence d’addition des protéines du tégument et de 





Les travaux de recherche présentés dans cette thèse font le point de convergence entre 
plusieurs techniques classiques et innovatrices en virologie, biologie cellulaire et protéomique 
afin d’apporter de nouveaux éléments de réponses pour tenter de résoudre les énigmes entourant 
le cycle de vie du VHS-1.  
En utilisant une méthodologie innovante que nous avons développée et qui exploite les 
vertus de la cytométrie en flux, nous avons pu démontrer que si la stœchiométrie pour certaines 
protéines du tégument est étroitement contrôlée, elle peut être beaucoup plus flexible pour 
d’autres. Ceci voudrait dire que la quantité de tégument incorporée varie considérablement 
d’une particule virale à une autre. La modulation de la quantité de tégument incorporée pourrait 
affecter de façon directe ou indirecte l’infectiosité du virus, mais pourrait également avoir des 
impacts profonds sur la composition globale du virus. De façon générale, on pourrait considérer 
que le comportement du virus lors de l’infection ne dépend pas uniquement de son matériel 
génétique, mais également des niveaux d’incorporation des protéines virales.  
L’emploi de la virométrie en flux nous a également permis non seulement d’analyser 
les capsides nucléaires, mais aussi d’enrichir la pureté les capsides C. Pour la première fois, on 
était capable d’analyser trois types de capsides nucléaires (A, B et C) par spectrométrie de 
masse et déterminer leur composition protéique globale. Ceci appuie fortement la doctrine selon 
laquelle l’acquisition du tégument démarre hâtivement au niveau du noyau et soutien 
l’implication probable de ces protéines dans l’enveloppement primaire des capsides. 
Les résultats de cette thèse ont permis d’ajouter de nouvelles informations qui 
contribueront sans doute à l’accroissement de la compréhension du cycle viral notamment, la 
maturation des capsides nucléaires ainsi que le processus de tégumentation et la modulation des 
protéines du tégument et son impact sur l’infectiosité. Toutefois, malgré tous les efforts des 
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différentes équipes de recherche, on est toujours loin de saisir l’ensemble des aspects de 
l’infection par le VHS-1. Il est à dire que la recherche devrait se poursuivre afin de  développer 
de nouveaux médicaments qui permettront d’éliminer le virus et aussi de développer de 
nouveaux vaccins thérapeutiques et/ou préventifs. 
Finalement, la virométrie en flux est une technique très puissante qui permet d’analyser 
les particules virales au niveau individuel. Et même si les travaux de recherche de cette thèse 
sont dédiés au VHS-1, cela n’empêcherait pas d’exporter la technologie de la virométrie en flux 
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Annexe I : Liste des gènes et des protéines du VHS-1 
Gène Potéine Gène Potéine 
RL1 
ICP34.5, facteur de 
neurovirulence, module la synthése 
protéique par la liaison à la 
protéine 
UL34 
PUL34 (NEMP), protéine 
membranaire de type II associée à 
la membrane nuclaire interne  
RL2 ICP0, E3 ubiquitine ligase UL35 
VP26, petite protéine de la caspide, 
placé au sommet de chaque hexon 
de la capside 
RS1 
ICP4, facteur de transcription viral 
majeur 
UL36 
ICP1/2, VP1/2, large protéine du 
tégument 
UL1 
Glycoprotéine L (gL), forme un 
complexe avec gH, impliquée dans 
l’entrée et la propagation cellule en 
cellule. 
UL37 
ICP32, LTPpb, protéine du 
tégument avec un signal d’export 
nucléaire, impliquée dans la sortie. 
UL2 Uracil-ADN-glycosylase, UDG UL38 
VP19C, sous unité du triplexe de la 
capside. 
UL3 pUL3, phosphoprotéine nucléaire UL39 
ICP6, sous unité de la ribonucléase 
réductase. 
UL4 
pUL4, protéine nucléaire, 
colocalise avec UL3 et ICP22. 
UL40 
Sous unité de la ribonucléase 
réductase. 
UL5 
ADN hélicase (HP1), sous-unité du 
complexe primase-hélicase 
UL41 
Vhs, virion host shut off, 
impliquée dans la dégradation de 
l’ARN messager. 
UL6 
PORT, associée à la capside, sous-
unité du complex portal. 
UL42 
Sous-unité catalytique de l’ADN 
polymérase 
UL7 
EEP, associée à la capside 
intracellulaire  
UL43 
NEMP, protéine associée à la 
membrane 
UL8 
Sous-unité du complexe primase-
hélicase. 
UL44 
Glycoprotéine C (gC); initiation de 
la fixation. 
UL9 
OriBP, protéine de liaison à 
l’origine de réplication. 
UL45 
pUL45 protéine membranaire de 
type II. 
UL10 
gM, glycoprotéine, régulateur de 
fusion, rôle dans l’enveloppement 
secondaire. 
UL46 





CETP, Protéine du virion 
myristolée, impliquée dans la 
sortie. 
UL47 
VP13/14, protéine du tégument qui 
déclenche l’expression des gènes 
IE (immédiats-précoces). 
UL12 
NUC, Exonucléase alkaline, 
intervient dans l’empaquetage de 
l’ADN viral. 
UL48 
VP16, ICP25, α-TIF, protéine du 
tégument, stimule l’expression des 
gènes IE (immédiats-précoces). 
UL12.5 pUL12.5, Activité exonucléase UL49 
VP22, protéine du tégument, rôle 
dans le trafic intercellulaire. 
UL13 Protéine kinase sérine/thréonine UL49.5 
gN, UL49A glycoprotéine, forme 
un complexe avec gM en stimulant 
la fusion membranaire. 
UL14 





UL15 TER1, activité ADN-terminase UL51 
CEF1, protéine du virion 
palmitoylée, associée au Golgi. 
UL16 
CETPpb, protéine du tégument, 
impliquée dans l’empaquetage de 
l’ADN viral. 
UL52 
Sous-unité du complexe primase-
hélicase 
UL17 Protéine d’empaquetage de l’ADN. UL53 
Glycoprotéine K (gK), impliquée 
dans la sortie du virus, plusieurs 
mutations syncytiales 
UL18 
VP23, sous-unité du triplex de la 
capside, forme un complexe avec 
VP19c. 
UL54 
ICP27 (MRE), régulation post-
transcriptionnelle de l’expresison 
génes. 
UL19 
VP5, ICP5, protéine majeure de la 
capside 
UL55 
pUL55, protéine nucléaire, protéine 
de liaison à la matrice nucléaire 
UL20 pUL20, impliquée dans la sortie. UL56 
pUL56, protéine membranaire de 
type II, associée au Golgi et  aux 
endosomes primaires. 
UL21 
CEF2, protéine du tégument 
associée aux microtubules 
US1 
ICP22, stimule l’expression des 
gènes tardifs. 
UL22 
Glycoprotéine H (gH) forme un 
complexe avec gL, impliquée dans 
l’entrée et la propagation cellule en 
cellule. 
US2 
pUS2, protéine du virion, interagit 
avec cytokératine. 




pUL24, protéine du virion, 
impliquée dans les modifications 
nucléaires durant l’infection et 
dans la sortie nucléaire de la 
caspide. 
US4 
Glycoprotéine G (gG), protéine de 
l’enveloppe impliquée dans 
l’entrée et la sortie. 
UL25 Protéine d’empaquetage de l’ADN US5 
Glycoprotéine J (gJ), protéine de 
l’enveloppe impliquée dams la 
protection de l’apoptose médiée 
par Fas. 
UL26 
Protéine d’échafaudage VP21 et 
VP24 (protéase)  
US6 
Glycoprotéine D (gD), rôle dans 
l’entrée , se lie au HVEM. 
UL26.5 
VP22a, protéine d’échafaudage 
clivée après l’emcapsidation de 
l’ADN. 
US7 
Glycoprotéine (gI), forme un 
complexe avec gE, propogation 
cellule à cellule. 
UL27 
Glycoprotéine B (gB), forme un 
dimére et essentielle pour l’entrée. 
US8 
Glycoprotéine E (gE), forme un 
complexe avec gI, propoagation 
cellule à cellule. 
UL28 
ICP18.5, sous unité du complexe 
de la terminase 
US8.5 pUS8.5 
UL29 
ICP8, protéine de laison à l’ADN 
simple brin. 
US9 
pUS9, protéine membranaire de 
type II 
UL30 
Sous-unité catalytique de l’ADN 
polymérase 
US10 
pUS10 Protéine du tégument 
associée à la capside. 
UL31 
pUL31, interagit avec UL34, 
protéine de liaison à la matrice 
nucléaire 
US11 
Protéine du tégument, de liaison à 
l’ARN 
UL32 
Protéine de l’empaquetage de 
l’ADN 
US12 
ICP47, TAPpb, protéine de liaison 
à TAP, impliquée dans la 
régulation négative de (CMH-I) 
UL33 
Sous-unité du complexe de la 
terminase 





Annexe II : Contribution dans l’article “Analysis of herpes simplex 
virus type I nuclear particles by flow cytometry” 
La contribution de Nabil El Bilali dans ce travail a été par la réalisation des expériences de 
la détection de l'ADN viral intranucléaire (ADN encapsidé) par qPCR tel que décrit dans la section 
« Materials and Methods », sous-section « Efficient Detection of Intranuclear DNA », et l’écriture 
de la partie Matériels et Méthodes pour cette sous-section.  Il a également effectué l’analyse de 
toutes les expériences de cytométrie en flux pour le papier par le logiciel « FlowJo » ainsi que le 
montage des figures 1 à 4 par le logiciel « Illustrator ». 
Les données et les résultats présentés dans cet article ont tous été générés durant les études 
de doctorat du candidat Nabil El Bilali. 
  
Analysis of Herpes Simplex Virus Type I Nuclear
Particles by Flow Cytometry
Sandra Loret, Nabil El Bilali, Roger Lippé*
 Abstract
Flow cytometry has been instrumental to characterize cell populations and examine
their inner molecules and processes. In most instances, whole cells are analyzed, and
hence, particle size is not an issue. Viruses are 2–3 orders of magnitude smaller than
cells so flow cytometry has typically been used to study viral markers within whole
infected cells. However, the ability to separate and purify viral particles representing dif-
ferent maturation stages within a viral life cycle would be a useful tool to analyze them
in details and characterize the host proteins they associate with. Herpes simplex virus
Type 1 is a 250 nm enveloped DNA virus that replicates in the nucleus where it assem-
bles new viral particles called capsids. These capsids eventually travel to the cell surface
and are modified along the way, producing several intermediate particles. In the nu-
cleus, three types of stable nonenveloped 125 nm nuclear capsids exist that differ in pro-
tein composition and genome content. This includes so-called nuclear C-capsids that
are the precursors of mature extracellular virions. We report that we can apply flow
cytometry to sort these nuclear C-capsid intermediates by labeling the viral genome
with Syto 13, a fluorescent marker that binds to nucleic acids. This is the first time flow
cytometry has been used not only to detect but also to purify an intracellular viral mat-
uration intermediate. This opens new research avenues in virology to study capsid as-
sembly, maturation and egress, analyze mutant phenotypes, and define host factors
associated with specific viral intermediates. ' 2012 International Society for Advancement of
Cytometry
 Key terms
HSV; herpes; viral particle; nuclear capsids; virions; flow cytometry; Syto 13; C-capsid;
fluorescence-activated cell sorting; FACS; small particles
CELLS and their constituent molecules and processes have been studied by various
techniques over the years, including biochemical and genetic approaches, diverse mi-
croscopy techniques [electron microscopy (EM), epifluorescence, confocal] and
more recently by system biology tools such as DNA and RNA arrays, two-hybrid
screens, and multiple ‘‘omics’’ approaches. One of the first widely available larger
scale analysis tools has been flow cytometry and its derivative, flow cytometric sort-
ing, both widely used since the early 1970s (1). Amazingly, refinements of these tech-
niques now allow several markers to be followed in parallel, hence allowing complex
processes to be finely monitored and new research avenues to be explored (2). One
limitation of flow cytometry has been the size of objects under study. Typical experi-
ments examine whole cells, which are up to tens of microns in diameters and are
thus well above the recommended lower detection threshold of a half micron for
most instruments. However, viruses are much smaller entities ranging in the tens
(e.g., Adeno-associated virus, 20 nm icosahedral) to hundreds of nanometers (e.g.,
Poxvirus, 250 3 300-nm brick shape). Consequently, viral research using flow cyto-
metry has often relied on viral markers within whole infected cells.
Thus far, a number of studies demonstrated the feasibility to use flow cytometry
to analyze sub-micron particles (3–7). Bacteria, which are below the detection limit
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of common flow cytometry instruments, have indeed been
detected with success when labeled with fluorescent dyes (8).
Furthermore, early work by Shapiro and coworkers (9) indi-
cated it might be possible to study by this technique the small
T2 bacteriophage, a tubular virus of roughly 100 nm in diame-
ter (10), and Reovirus, which has a 600–800 nm icosahedral
capsid (11). More recently, the laboratories of Brussaard and
Steen (12–15) extended these findings to several other viruses
including herpes simplex virus Type 1 (HSV-1) and the related
cytomegalovirus stained with SYBR green. However, this
powerful technique has yet to be used to separate different
viral particle populations. This would provide new means to
learn about virus assembly, viral intermediates, and their
interactions with host proteins.
HSV-1 is a human pathogen causing mild to severe con-
ditions ranging from cold sores to blindness, encephalitis, and
serious new born complications as well as being an aggravat-
ing factor for AIDS (16–18). It has a 152 kb double-stranded
DNA genome within a 125 nm icosahedral capsid shell, itself
wrapped by a complex layer of proteins termed the tegument
and an external host-derived envelope, for a final size of
roughly 250–300 nm (19). Following entry of the virus at the
cell surface, the viral genome is ultimately delivered to the
nucleus, where it replicates and leads to the assembly of new
capsids. Four distinct nonenveloped capsid species are present
in the nucleus. The first one is procapsids that are rarely
detected because they are thermodynamically unstable (20).
These procapsids are believed to give rise to three stable nu-
clear capsid populations. A-capsids appear to be capsids that
fail to properly incorporate the viral genome (21). Similarly,
B-capsids also lack viral DNA but, unlike A-capsids, are
thought to never initiate the genome packaging step. They can
be distinguished from the former capsids on the basis of their
distinctive protein contents. In contrast to these two abortive
particles, C-capsids incorporate the viral genome and ultimately
form mature enveloped virions. According to common belief,
only mature nuclear C-capsids travel across the two nuclear
membranes by an envelopment/de-envelopment mechanism
and are ultimately re-enveloped elsewhere in the cell, likely at
the trans Golgi network (TGN) (22–25). These viral particles
subsequently leave the TGN toward the cell surface by a consti-
tutive pathway implicating the host protein kinase D and myo-
sin Va (26–28). This maturation process from the nucleus to
the cell surface is the subject of intense scrutiny as it is poorly
understood, in part because of the several viral intermediates
along the way. It would thus be most useful to individually iso-
late these intermediates to better characterize them.
This study probes the possibility to sort intracellular viral
intermediates by focusing on HSV-1 viral nuclear C-capsids.
We now report that we can detect these 125 nm particles by
flow cytometry and sort them according to their DNA content
by labeling them with the capsid permeable and nucleophilic
Syto 13 fluorescent stain. PCR and EM were consistent with
the isolation of C-capsids with minimal contamination from
A- and B-capsids. These findings now enable a detailed analy-
sis of this important viral intermediate. Moreover, this
approach should be applicable to other HSV-1 intermediates
and even to other viruses to study different maturation stages
in an effort to sort our way through their viral life cycles.
MATERIALS AND METHODS
Cells and Viruses
Human HeLa S3 cells (ATCC # CCL-2.2) adapted to sus-
pension culture were grown at 378C in JMEM (Joklik’s modi-
fied Eagle’s medium; Sigma-Aldrich) supplemented with 5% fe-
tal bovine serum, 0.1 mM nonessential amino acids, 100 U/mL
penicillin, and 100 lg/mL streptomycin. HSV-1 F strain and the
recombinant K26GFP KOS strain, which expresses green fluo-
rescence protein (GFP) tagged VP26 capsid protein (29), were
originally provided from Beate Sodeik (Hannover Medical
School, Germany) and Prashant Desai (The Johns Hopkins
University, USA), respectively. Both viruses were amplified on
BHK and tittered on Vero cells as previously described (22).
Isolation of Total Nuclear Capsids
HeLa S3 cells were infected with wild type HSV-1 or
K26GFP for 8 h at a multiplicity of infection of 5. The nuclei
were then harvested by mechanical disruption of the cells and
density centrifugation in the presence of a protease inhibition
cocktail (8.25 lM de chymostatin, 1.05 lM leupeptin, 0.38
lM aprotinin, 0.73 lM pepstatin A; Sigma-Aldrich) as
described before (30). These nuclei were subsequently topped
up with 1% d’IGEPAL CA-630 (Sigma-Aldrich) and incubated
for 30 min at 48C. They were then treated with 500 U/mL
DNase I (Roche) and 25 lg/mL of RNAse A for 10 min at
378C to remove nonencapsidated nucleic acids. To isolate the
nuclear viral capsids, the nuclear lysates were briefly sonicated
and large debris removed by low speed centrifugation (5 min/
48C at 300g). The supernatant, containing the nuclear capsids,
was filtered through a 0.45 lm filter and spun 1 h through a
35% (w/w) sucrose cushion at 100,000g at 48C. The total cap-
sid pellet was finally resuspended in 100 lL of MNT (30 mM
MES, 100 mM NaCl, 20 mM Tris-HCl pH 7.4). The capsids
were either frozen or analyzed immediately (see below).
Fluorescent Labeling of Viral Particles
Four microliters of a diluted fraction of DNAse/RNAse
treated nuclear capsids were incubated for 30 min at 48C with
1–5 lM Syto 11–14, 16, 21, 24, or 25 (Invitrogen). Alterna-
tively, 5 lg/mL of Hoechst 33342 was used to label the capsid
bound DNA. These labeled capsids were finally examined by
fluorescence microscopy and by flow cytometry.
Efficient Detection of Intranuclear DNA
To determine the ability of Syto 13 to specifically label
encapsidated viral genomes, 200 lL of wild type or K26GFP
nuclear lysates (see above) were (A) treated for 10 min at 558C
with 1 mg/mL of proteinase K (recombinant, PCR grade,
Roche) to disassemble the protein-based capsids and free their
genome content and thus obtain the total DNA present in the
nuclei; (B) first treated for 10 min at 378C with 500 U/mL of
DNAse I (Roche) to digest both cellular and nonencapsidated
viral DNA then with proteinase K to only keep the capsid
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bound viral DNA; or (C) first treated with proteinase K subse-
quently inactivated for 10 min at 958C (to avoid the degrada-
tion of the DNAse I) and finally incubated with DNAse I in
the presence of 10 mM CaCl2 to protect the DNAse I from any
residual proteinase K activity (31). In this last scenario, no
DNA should remain because both encapsidated and none-
ncapsidated DNA should be digested. In all cases, the samples
were processed as per manufacturer’s instructions to isolate
the non digested DNA with a GenElute Mammalian Genomic
DNA Miniprep Kit (Sigma-Aldrich), which contains RNAse I.
These samples were ultimately analyzed by quantitative PCR
using GFP specific primers to detect the K26GFP viral genome
(forward: 50ACGTAAACGGCCACAAGTTC30; reverse: 50AAG
TCGTGCTGCTTCATGTG30) or GAPDH specific primers to
detect cellular DNA (forward: 50AGGGCCCTGACAACTCT
TTT30; reverse: 50AGGGGTCTACATGGCAACTG30). This was
performed with a LightCycler 480 (Roche) using the PerfeCTa
SYBR Green SuperMix (Quanta BIOSCIENCES). The data
were finally analyzed using LightCycler1 480 software version
1.5 and expressed in relative genome copy. Two independent
experiments, each done in duplicates, were pooled.
Fluorescence Microscopy
Fluorescently labeled capsids were examined on an Axio-
phot microscope (Zeiss) equipped with a Retiga 1300 camera
(Q imaging) or, for confocal microscopy, on a DM IRBE
inverted microscope (Leica) coupled to a SP1 spectrometer
and argon (488 nm), argon-krypton (568 nm), and helium-
neon (647 nm) lasers. Epifluorescent images were analyzed
with Northern Eclipse (Empix imaging) and Photoshop CS5
(Adobe), whereas confocal images were processed with the
LCS Lite software and Photoshop CS5.
Flow Cytometry
Polystyrene beads from Estapor (100 and 800 nm) or
Polysciences (200 nm) were diluted 1:1,000 in MNT and ana-
lyzed on a FACSAria IIu sorter (BD Biosciences) equipped
with a 100 lm nozzle and 405, 488, and 633 nm lasers. The
original concentrations of the samples were 6.36 3 1013 (100
nm), 5.68 3 1012 (200 nm), and 2.34 3 1011 (800 nm) beads/
mL. A 100 lm nozzle, rather than a smaller one, was used to
reduce the pressure and hence maximize the excitation time
and signal strength. The fluorescently labeled viral capsid pre-
parations were diluted 1:500 and analyzed on the above instru-
ment. In that case, the concentration of the stocks is unknown
and varied from preparation to preparation. For GFP and Syto
labeled capsids, 502 nm longpass and 530/30 bandpass filters
were used. Analysis and sorting were performed at low pres-
sure (23 psi) and flow rate between 1 and 3 for a maximum of
3,000 events/sec to minimize coincidental events. In all cases, a
minimal threshold of 200 for the SSC channel was use to
remove some of the background signal. The data were initially
acquired with the FACSDiva software (BD Biosciences) and
then processed with FlowJo (TreeStar). After sorting, the
diluted capsids were concentrated at 100,000g at 48C for 1 h
on a 35% sucrose cushion (w/w). The capsid pellet was then
resuspended in MNT and frozen at 2808C.
The instrument was cleaned between every sample with
BD FACS Clean (with 10% bleach) and back flushed with
sheath. However, only one large sample was normally analyzed
per day. When multiple samples were analyzed, we started
with unlabeled capsids and finished with labeled ones. Each
solution, including the control MNT buffer and sheath, was
0.22 lm filtered. At the end of the day, the instrument was
cleaned with 1% Virkon (Antec International).
Electron Microscopy
The samples were processed for negative staining as pre-
viously described (32). Briefly, 5 lL of the sorted capsids were
deposited on a copper grid previously coated with Formvar
and carbon (Canemco & Marivac). Excess liquid was removed
with a filter paper and the samples contrasted with 2% uranyl
acetate (Canemco & Marivac). Following a quick wash in
water, the grids were air dried and examined on a Philips 300
transmission electron microscope. Quantification of the cap-
sids found in the samples was done from randomly selected
fields from at least three independent experiments.
PCR
To independently evaluate the presence of viral DNA in the
flow cytometry sorted samples (Fig. 5), they were analyzed by
standard PCR using HSV-1 UL20 specific primers and limited
cycling as before (29) (sense primer: 50atgaccatgcggg atgaccttc30;
antisense primer: 50ttagaacgcgacgggtgcattc30). The amplified
fragments were separated on a 1.5% agarose gel and revealed
with ethidium bromide. For these experiments, the positive con-
trol consisted of viral DNA extracted from infected cells, whereas
the negative control was DNA extracted from noninfected cells.
RESULTS
Detection of Small Particles by Flow Cytometry
To evaluate if flow cytometry may be a practical approach
to sort viral capsids, we first tested commercially available
microspheres of different sizes. This was particularly impor-
tant given the 0.5 lm detection limit stated by the instrument
manufacturer, a limit four times above the size of HSV-1 nu-
clear particles, which are 125 nm in diameter. We, therefore,
analyzed by flow cytometry 100 nm, 200 nm, and 800 nm
beads at a low flow rate for optimal detection. Figure 1 shows
that the 800 nm beads (i.e., above the instrument threshold)
were readily detected by both side and forward scattering. The
smaller 100 and 200 nm beads differed substantially from the
larger beads but not one from another. These smaller beads
were also indistinguishable in the FSC channel from the buffer
control, where 0.22 lm filtered MNT was passed over the
instrument. However, one could clearly distinguish them in
the SSC channel, which revealed both individual and aggre-
gated beads. Together, this showed that particles as small as
100 nm could indeed be detected but not sorted from 200 nm
particles based on their size. Interestingly, this implied that the
125 nm HSV-1 nuclear capsids should be detected by flow
cytometry, not based of their size but rather the ability of such
small particles to reflect light as measured by side scattering.
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Detection of GFP Tagged HSV-1 Capsids
As for many other viruses, several components of the
HSV-1 virions have been tagged with fluorescent moieties.
Hence, genetically modified HSV-1 strains encode a labeled
component of the capsid, the tegument or a glycoprotein pres-
ent in the viral envelope. One such strain named K26GFP tags
the essential HSV-1 VP26 viral capsid protein and is, thus, a
useful marker to follow intracellular viral capsids at different
stages of infection (22,29). To directly assess the ability of the
flow cytometer to detect HSV-1 capsids, we took advantage of
this recombinant strain. Cells were infected with K26GFP or
control nonfluorescent wild type virus and the nuclei har-
vested 8 h later. As detailed in ‘‘Materials and Methods’’ sec-
tion, capsids were then isolated from these nuclei. As expected
from the above results, both types of capsids were detectable
by light scattering (Fig. 2, left panels). Excitingly, the K26GFP
capsids gave a significant fluorescence signal, whereas the
untagged wild type capsids had none (Fig. 2, middle and right
panels). We, therefore, concluded that GFP tagged HSV-1 cap-
sids can indeed be detected by flow cytometry by light scatter-
ing and fluorescence.
Detection of Mature Nuclear C-Capsids by Labeling
Their DNA Content
The ability to detect HSV-1 capsids enabled us to evaluate
if it is possible to enrich the preparation in nuclear C-capsids,
the precursor of mature virions. Because A- and B-capsids are
devoid of viral genome and C-capsids are loaded with a com-
plete viral genome, we tested various fluorescent DNA dyes to
label the latter capsids. Initial staining of nuclear capsids with
Hoechst or Dapi revealed spotty signals that partially over-
lapped with K26GFP by immunofluorescence but failed to
give a signal by flow cytometry, presumably because the inten-
sity of the dyes was too weak (data not show). Given that Syto
13, a RNA and DNA binding fluorescent stain, was recently
used to successfully detect 0.1–1.0 lm microparticles (3), we
probed a commercial sampler kit consisting of eight different
Syto reagents (Invitrogen). Each of these membrane permea-
ble cyanine derived stains has unique properties in terms of
nucleic acid affinity and fluorescence energy with distinct but
similar excitation/emission spectra. Collectively, they bind
nucleic acids by multiple means, including intercalation, direct
interaction with the nucleic acid backbone and reportedly by
binding to the DNA groove (33). Most importantly, as free
molecules they produce low background signals that are sig-
nificantly enhanced once they bind to nucleic acid (quantum
yield greater than 0.4). Enriched nuclear capsid preparations
were, thus, individually labeled with each of the dyes as per
manufacturer’s instructions and first examined by immuno-
fluorescence. While most gave no apparent specific signal over
the background (i.e., Syto 12, 14, 16, 21, 24, 25), two proved
promising and exhibited significant signals (Syto 11 and 13;
data not shown). Moreover, this indicated that these two
reagents could associate with viral DNA present in assembled
capsids.
To evaluate if we specifically target viral capsids with the
Syto dyes, we first treated whole nuclear lysates with DNAse I
to digest both cellular and nonencapsidated viral DNA and
then released the viral genome from the capsids with protein-
ase K. Under these conditions, only viral DNA within the cap-
sids is expected (34). We then evaluated by qPCR the presence
of viral and cellular DNA in the samples following the purifi-
cation of total genomic and viral DNA with a commercial kit
containing RNAse A (see ‘‘Materials and Methods’’ section).
As control, we solely digested the samples with proteinase K to
get the total amount of cellular or viral DNA present in the
Figure 1. Flow cytometric sorting of fluorescent beads. Commer-
cially available 100, 200, or 800 nm fluorescent beads were diluted
1:1,000 in MNT to reduce the number of events/sec and analyzed
on a BD FACSAria sorter. The left panels denote the forward (FSC)
and side (SSC) scattering, whereas the right panels show their for-
ward scattering distribution. The smaller peaks for the 800 nm
beads were attributed to bead aggregates. ‘‘Buffer’’ refers to the
MNT used to dilute the beads. A minimal threshold of 200 for the
SSC channel was applied to remove some of the background sig-
nal. No gates were applied so the dot plots represent 100% of the
samples.
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nuclear lysates. We additionally inverted the DNAse I/protein-
ase K steps by first treating the nuclear lysates with proteinase
K then DNAse I to remove all DNA from the sample. As
expected, strong cellular and viral signals were present when
the nuclear lysates were treated with proteinase K only and no
signal was found when first treated with proteinase K then
DNAse I (Supporting Information Fig. 1). In contrast, when
the samples were first digested with DNAse I then treated with
proteinase K, 1–2% of the total viral DNA was detected within
the capsids, whereas no cellular DNA was detected. This indi-
cated that these conditions were appropriate to specifically
label the encapsidated DNA, that only a small proportion of
the viral DNA was encapsidated, and that no cellular DNAwas
detectable within the capsids. We concluded it was thus possi-
ble to label the encapsidated viral DNA with nucleic acid
reagents under these conditions.
Because gating on the capsids was possible, we examined
by flow cytometry the fluorescence levels of nuclear capsids la-
beled with either Syto 11 or 13. We, thus, isolated viral capsids
from DNAse I/RNAse A infected nuclei and then stained the
capsids. Naturally, proteinase K was absent in these experi-
ments to preserve the integrity of the capsids. As controls, we
included unstained wild type or K26GFP capsids along with
wild type capsids stained with Syto 24, which labeled the cap-
sids less efficient than Syto 11 or 13. As expected, the level of
fluorescence for unlabeled wild type capsids was minimal
[mean fluorescence intensity (MFI) of 13; Fig. 3]. The data
confirmed a stronger signal for the tagged K26GFP capsids
(MFI of 2,878), in agreement with our immunofluorescence
observations. Interestingly, Syto 11- and Syto 13-stained cap-
sids gave an even stronger fluorescent signal (MFI of 25,700
and 53,600, respectively). Syto 24-labeled capsids had an inter-
mediate signal that was oddly bimodal (MFI of 11,400). Alto-
gether, this meant that it is possible to stain the encapsidated
viral genome in intact HSV-1 nuclear C- capsids and detect
them by both light scattering and fluorescence. Given the best
signal obtained with the Syto 13 dye, all remaining experi-
ments were performed with this dye.
Sorting of Nuclear Capsids
Given the ability of flow cytometry to physically detect
the viral particles and the possibility to specifically fluores-
cently stain the viral genome within intact capsids, we pro-
ceeded to sort by flow cytometry the HSV-1 nuclear capsids.
Wild type nuclear capsids were isolated from infected cells as
before and incubated with Syto 13 to label the encapsidated
viral DNA. They were then sorted according to their fluores-
cence profiles, gating on the capsids by both side scattering
and strength of Syto 13 emission. Interestingly, a reproducibly
continuous fluorescence signal ranging from low to high was
observed (Fig. 4). Moreover, a change of slope was always
observed past the mid point in the fluorescence channel. We
then arbitrarily defined three regions of interest, with fraction
1 having no fluorescence signal (no DNA content), fraction 2
with an intermediate signal and fraction 3 with the highest
signal (high DNA content), with the change of slope as the
Figure 2. Detection of GFP tagged capsids by flow cytometry. DNAse/RNAse treated nuclear capsids were prepared from wild type (i.e.,
nonfluorescent) infected cells or from cells infected with the K26GFP strain (i.e., fluorescent capsids). They were then diluted 500-fold in
MNT to reduce the number of events/sec and examined by flow cytometry. A minimal threshold of 200 for the SSC channel was once again
used to remove some of the background signal. The left panels show the dot plots of the scattering (SSC vs. FSC) that were used to define
gates (see boxes). These gates contained the bulk of the capsids ([90%) and excluded the larger capsid aggregates. The samples were
excited with a 488 nm laser coupled to an emission filter allowing the 515-545 nm wavelengths to go through. The middle and right panels
show the fluorescence profiles of the gated material (dot plots and histograms, respectively).
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Figure 3. Testing of Syto fluorescent nucleic acid stains. DNAse and RNAse treated nuclear capsids were isolated as before from wild type
infected cells and stained with Syto 11, 13, or 24. As control, unstained wild type or K26GFP nuclear capsids were used. All capsids were
diluted 500-fold and analyzed by flow cytometry. The samples were excited with a 488 nm laser coupled to an emission filter allowing the
515-545 nm wavelengths to go through. The left panels show the light scattering of the samples (SSC vs. FSC). Once again, a minimal
threshold of 200 for the SSC channel was applied as before to remove some of the background signal. The boxes represent the gates
(greater than 90% of the samples) used for analysis in the middle and right panels. These panels show the fluorescence profiles of the
gated samples (dot plots and histograms, respectively). The signals for Syto 13 stained capsids (MFI of 53,600) was significantly above
that for Syto 11 (MFI of 25,700), Syto24 (MFI of 11,400), or K26GFP (MFI of 2,878).
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boundary between fractions 2 and 3 (see Fig. 4). Fraction 1
was reproducibly detected and represented a small portion of
all viral particles (1.86% in the experiment shown; 4.6% 
0.9 on average from 9 independent flow cytometry analyses).
Similarly, fractions 2 and 3 were also always detected and on
average contained 57.1%  4.5 and 36.1%  5.9 of total cap-
sids, respectively. The three fractions exhibited increased levels
of fluorescence (fraction 1: MFI of 2532; fraction 2: 9,970
and fraction 3: 70,719 in the experiment depicted in Fig. 4).
In contrast, unlabeled wild type capsids were exclusively
found in the first fraction (97.8%  0.8 of all capsids; average
of 4 independent experiments) with an average fluorescence
of 3 in the experiment shown in Figure 4. Thus, it seemed
possible to distinguish different capsid populations in these
nuclear preparations.
Characterization of the Viral Fractions
Sorted by Flow Cytometry
To insure that the particles previously sorted were indeed
of viral origin and examine how the three fractions correlate
with A-, B-, and C-capsids, we performed a PCR amplifica-
tion using HSV-1 specific primers, taking advantage of the
fact that A- and B-capsids differ from C-capsids in their
genome content. Note that the sorted capsids were pretreated
with DNAse I as described in ‘‘Materials and Methods’’ sec-
tion, so the PCR reaction only monitored encapsidated viral
DNA. Although sorting was a slow process due to the low
pressure and flow rate required to avoid coincidental events,
we retrieved in the order of 1–10 lg of total proteins for A-
and B-capsids for roughly 24 h of sorting. This was signifi-
cantly higher for C-capsids, for which we obtained up to 30
lg. These differences in yields were not surprising because A-,
B-, and C-capsids are not in equal abundance in the nucleus
and even vary among cell types. We, therefore, normalized the
PCR by total protein content, as determined by the commer-
cial Bradford assay (Bio-Rad). As expected, a control HSV-1
total cell lysate was positive by PCR, whereas a cell lysate pre-
pared from noninfected cells was negative (Fig. 5). The data
further indicated that fraction 1 (no fluorescence by flow
cytometry), did not contain any detectable viral genome, con-
Figure 4. Sorting of Syto 13 labeled capsids. DNAse and RNAse treated nuclear capsids were stained with Syto 13, diluted 500-fold and
sorted by flow cytometry. As control, unstained nuclear capsids were used. Three gates were arbitrarily defined in the SSC/fluorescent
channels. Fraction 1 was based on the control capsids, which were not fluorescent. The remainder of the signal was divided up into two
fractions (2 and 3) with the change of slope in the SSC channel as the boundary between the two fractions. The mean fluorescence intensi-
ties were 2532 (fraction 1), 9,970 (fraction 2), and 70,719 (fraction 3) in the experiments depicted here. The samples were excited with a
488 nm laser coupled to an emission filter allowing the 515-545 nm wavelengths to go through. A minimal threshold of 200 for the SSC
channel was used to remove some of the background signal.
Figure 5. PCR of flow cytometry sorted capsids. DNA I treated and
flow cytometry sorted nuclear capsids were concentrated by high
speed centrifugation and analyzed by standard PCR using primers
specific for the HSV-1 UL20 gene. DNA purified from either mock
or HSV-1 infected cell lysates was included as negative and posi-
tive controls respectively. Either 0.25 or 1.25 lg of total protein of
each fraction was used for the PCR reactions. Following amplifica-
tion, the samples were resolved by electrophoresis on an agarose
gel stained with ethidium bromide. For clarity, the image of the
stained gel was inverted to better show the signals. Note the posi-
tive signal for fractions 2 and 3. The size of the fragment is indi-
cated to the left of the figure. The absence of signal for the 1.25 lg
of fraction 2 is likely caused by the large volume of sample
needed for the PCR reaction which may be inhibitory. In this parti-
cular experiment, 1.25 lg of protein corresponded to 5 lL, 31.5 lL,
and 12.5 lL for fractions 1, 2, and 3, respectively. The PCR reaction
is done in 50 lL, so fraction 2 constitutes more than 60% of the
total volume.
ORIGINAL ARTICLE
956 Flow Cytometric Sorting of HSV-1 Nuclear C-Capsids
sistent with DNA free capsids. At the other end of the spec-
trum, particles from fraction 3, which were strongly stained
by Syto 13, were clearly positive by PCR, thus confirming that
it contained viral DNA as would be expected from C-capsids.
Interestingly, fraction 2 contained a faint but detectable level
of HSV-1 DNA in line with the weak Syto 13 staining pattern
seen by flow cytometric sorting.
Thus far, the results were most consistent with the enrich-
ment of C-viral particles in the third fraction and the presence
of DNA free capsids in fractions 1 and 2. To insure this was
the case, we next examined the sorted fractions by EM nega-
tive staining. This technique is widely used to formally identify
viral particles and distinguish different HSV-1 viral intermedi-
ates. C-capsids have a dark center by this technique, whereas
DNA free A- and B-capsids are whitish and grayish, respec-
tively. We, thus, contrasted the samples with uranyl acetate
and visually inspected them (Fig. 6). Although somewhat
dilute, even after concentration of the samples by high speed
centrifugation, capsids were indeed detected in each of the
fractions. Although some heterogeneity was present, capsids
in fraction 1 nearly always contained capsids with a whitish
empty core reminiscent of A-capsids (21), whereas fraction 3
mostly contained strongly stained electron dense capsid cores
typical of C-capsids (30). Finally, fraction 2 was the most
heterogeneous with capsids with cores of intermediate densi-
ties between A- and C- capsids similar to B-capsids reported
elsewhere (21,35).
Quantification of the capsids by EM mirrored the flow
cytometry results. Hence, the distribution of nuclear capsids
before flow cytometric sorting was 13.7%  5.7 (A-capsids),
58.0%  2.6 (B-capsids), and 28.0%  7.0 (C-capsids) as
determined by negative staining (n 5 387). Meanwhile, as
mentioned above, 4.6%  0.9 of the capsids were sorted to
fraction 1, whereas 57.1%  4.5 and 36.1%  5.9 were in frac-
tions 2 and 3, respectively. Unfortunately, it was not possible
to evaluate the purity of fractions 1 and 2 by EM due to their
low capsid content. However, EM quantification revealed that
fraction 3 was composed of 90.7%  5.7 of C-capsids and
only minor amounts of contaminating A- and B-capsids
(6.3%  6.8 and 3%  3.5, respectively; n 5 167), represent-
ing 3-fold enrichment of the C-capsids by flow cytometry.
Taken together, the data hint that fractions 1 and 2 could ten-
tatively be A- and B-capsids, respectively, and that fraction 3
was most likely C-capsids. Thus, flow cytometric sorting con-
stitutes a valid and novel method in the current toolbox to
purify HSV-1 nuclear C-capsids, which are the precursors of
mature extracellular virions.
DISCUSSION
Viruses are small entities that are below the recom-
mended size fractionation limit of common flow cytometry
instruments. This study reveals that while particles in the 100–
200 nm range cannot be resolved one from another, they are
nonetheless detectable (Fig. 1). A slow flow rate is likely an
important factor to prevent coincidental events and favor sin-
gle detection of such small particles. Furthermore, incorpora-
tion of a fluorescent tag in the capsid or staining of the viral
genome with a fluorescent reagent is also sufficient to detect
them. Why some dyes worked better than others is unclear at
the moment. It is likely an issue of specific binding sites, affin-
ity, and emission energy. It may also be that some dyes better
traverse the protein shell of the capsids. Interestingly, labeling
of the HSV-1 DNA with the permeable nuclei acid Syto 13
stain proved more efficient to detect these particles than tag-
ging one of the capsid proteins with GFP (Figs. 2 and 3). This
is somewhat surprising given the high copy number of VP26
in the capsids, which is estimated at 952 copies (36). However,
it is not known how many copies of Syto 13 bind to the very
large HSV-1 genome and what the relative fluorescence inten-
sity of this stain is compared with GFP. Importantly, this sig-
nal was not due to contaminating cellular nucleic acids or free
viral DNA because the capsids were pretreated with RNAse A
and DNAse I to remove all the nonencapsidated nuclei acids.
Altogether, this means that it is possible to detect viral capsids
by both light scattering and fluorescence and that labeling of
the viral genome with Syto 13 is even better than when the
minor capsid component VP26 is GFP tagged.
Light scattering and fluorescence signals provided a mean
to sort the nuclear HSV-1 viral capsids. Although populations
Figure 6. EM of flow cytometry sorted capsids. HSV-1 viral cap-
sids were harvested from nuclei as above and flow cytometry
sorted into three different fractions based on their DNA content
(none, low, and high). Following their concentration by high speed
centrifugation and resuspension in MNT, the capsids were exam-
ined by negative staining. Typical capsids are shown for each of
the three fractions. Fraction 1 (top panels) contained mostly empty
A-capsids, whereas fractions 2 (medium panels) and 3 (lower
panels) were enriched for B- and C-capsids, respectively.
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were initially arbitrarily defined (Fig. 4), an analysis of these
fractions by PCR (Fig. 5) and EM (Fig. 6) strongly suggested
that fraction 3 is enriched in C-nuclear capsids, whereas frac-
tions 1 and 2 were suggestive of A- and B- nuclear capsids,
respectively. Hence, fraction 1 was devoid of any detectable vi-
ral DNA and had an empty core by negative staining, which is
reminiscent of nuclear A-capsids as shown by others (21).
Fraction 2 was somewhat problematic to define, because it was
minimally positive for the viral genome and had an intermedi-
ate core density by negative staining. Although their appear-
ance by EM hinted at nuclear B-capsids, the low DNA signals
observed by flow cytometry and PCR were not consistent with
that conclusion given these capsids are normally considered
DNA free (21,35). The most likely explanation is that some
contaminating C-capsids were present in this fraction and
accounted for the weak DNA signal. Technically, one alterna-
tive explanation would be if we detected a partial incorpora-
tion of DNA in B-capsids or if they contained DNA in a form
that binds less efficiently the Syto dye. However, these possibi-
lities require further validation before they can be considered.
To formally define fractions 1 and 2, a detailed biochemical
characterization will be needed. However, this may be compli-
cated by cross contamination because it is not be possible to
distinguish by Western blotting between reduced but biologi-
cally relevant levels of particular proteins in one capsid type
versus a limited detection due to low contamination by other
capsid types. This is exemplified by sucrose sedimentation
studies of HSV-1 nuclear capsids that show the enrichment of
viral scaffold proteins in B-capsids but also trace amounts of
these molecules in other fractions (e.g., (37–40)).
In contrast to first two fractions, the data strongly suggest
that fraction 3 is C-capsids because PCR specifically detected
the viral genome in those particles, that this viral genome is
normally DNAse I resistant but DNAse I sensitive when pre-
treated with proteinase K (i.e., that genome is present within a
protein shell), and the particles are of the right size. At times,
one can also see the angular form of the icosahedral capsids
on some images. Finally, these particles also exhibited a classi-
cal dense core by negative staining typical of C-capsids (30).
EM analysis of this fraction revealed it was significantly
enriched for that capsid type (90.7%  5.7 were indeed C-cap-
sids) with less than 10% contamination by A- or B-capsids.
This is slightly better than the reported 25% contamination by
the classical 20–50% sucrose gradient purification (40). While
neither approach yields perfectly pure samples, flow cyto-
metric sorting thus constitutes a novel purification step that
does not supplant classical sedimentation protocols but rather
complements them when strongly enriched nuclear capsids are
desired.
One particularly puzzling observation was the reproduci-
ble change of slope between fractions 2 and 3 in the SSC chan-
nel (Fig. 4). At this point, we do not know what is causing
such change. Given that side scattering is influenced by surface
granularity as opposition to particle size, it might be that
C-capsids differ in that respect from the other two capsid
populations but at this point it is difficult to ascertain the
nature of this difference. Such slope change could theoretically
be imparted by different DNA conformations, as mentioned
above. Additional work is needed to clarify this point.
Flow cytometric analysis and sorting of cells has been
instrumental to study various important cellular processes
such as B and T cell biology, hematopoiesis, and stem cell dif-
ferentiation to name a few. However, host-pathogen interac-
tions involving viruses has often been limited to follow viral
markers in infected cells due to the small size of these patho-
gens. This study shows that one can use flow cytometry not
only to detect but also to sort nuclear HSV-1 intermediates
(Table 1), despite an inappropriate size resolution at that
Table 1. HSV-1 capsid types analyzed
STABILITYAT 48C DNA CONTENT CAPSID SHAPE FINAL OUTCOME COMMENT
Properties
Nuclear capsids
Procapsids Unstable None Round A, B and C capsids Not Analyzed
A-capsids Stable None Icosahedral Abortive
B-capsids Stable None Icosahedral Abortive
C-capsids Stable Viral genome Icosahedral Mature virus
DETECTION BY FLOWCYTOMETRY
SIDE SCATTERING FLUORESCENCE PCR EM INTERPRETATION
This study
Fraction
1 YES No fluorescence No Signal Light core Possible A-capsidsa
2 YES Low fluorescenceb Low signalb Variable Possible B-capsidsa
3 YES High fluorescence Strong signal Dense dark core C-capsids
The four nuclear capsid types found in HSV-1 infected cells are listed along with their known stability at 48C and DNA content in the top
portion of table. The bottom half of the table shows the results of this study.
Procapsids were not analyzed in this study since the samples were isolated at 48C.
a Biochemical analysis required (see text).
b Likely due to some contamination by C-capsids.
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range. This hints that the sorting limit of flow cytometry
instruments is in essence lower than the half micron stated by
the manufacturers when viral particles are coupled to a DNA
labeling dye or a GFP tagged virion component. This opens
up exciting new avenues to study the life cycle of viruses and
their interaction with their hosts. For instance, it should now
be possible to incorporate flow cytometric sorting as a purifi-
cation step in combination with classical sedimentation tech-
niques to enrich specific viral intermediates and further ana-
lyze them in isolation from other viral intermediates. This
may be particularly useful to study capsid maturation and
egress, the complex coating of the capsids with the tegument,
analyze mutants or define the interactions of specific viral
intermediates with host proteins such as motor proteins,
kinases, cytoskeletal components, or cellular proteins that
might be incorporated in the viral particles. Moreover, this
opens new research avenues to study different maturation
stages of other viruses.
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Daniel Henaff for critical reading of the manuscript.
LITERATURE CITED
1. Davies D. Cell sorting by flow cytometry. In: Macey MG, editor. Flow Cytometry:
Principles and Applications. Totowa, NJ: Humana Press; 2007. pp 257–276.
2. Tarnok A. Cytometry—The full circle. Cytometry A 2012;81A:3–4.
3. Ullal AJ, Pisetsky DS, Reich CF III. Use of SYTO 13, a fluorescent dye binding nucleic
acids, for the detection of microparticles in in vitro systems. Cytometry A
2010;77A:294–301.
4. Hoen EN, van der Vlist EJ, Aalberts M, Mertens HC, Bosch BJ, Bartelink W,
Mastrobattista E, van Gaal EV, Stoorvogel W, Arkesteijn GJ, Wauben MH. Quantita-
tive and qualitative flow cytometric analysis of nanosized cell-derived membrane
vesicles. Nanomedicine 2012;8:712–720.
5. van Gaal EV, Spierenburg G, Hennink WE, Crommelin DJ, Mastrobattista E. Flow
cytometry for rapid size determination and sorting of nucleic acid containing nano-
particles in biological fluids. J Controlled Release 2010;141:328–338.
6. Fuller RR, Sweedler JV. Characterizing submicron vesicles with wavelength-resolved
fluorescence in flow cytometry. Cytometry 1996;25:144–155.
7. Vorauer-Uhl K, Wagner A, Borth N, Katinger H. Determination of liposome size dis-
tribution by flow cytometry. Cytometry 2000;39:166–171.
8. Tracy BP, Gaida SM, Papoutsakis ET. Flow cytometry for bacteria: Enabling metabolic
engineering, synthetic biology and the elucidation of complex phenotypes. Curr
Opin Biotechnol 2010;21:85–99.
9. Hercher M, Mueller W, Shapiro HM. Detection and discrimination of individual
viruses by flow cytometry. J Histochem Cytochem 1979;27:350–352.
10. DeBlois RW, Wesley RK. Sizes and concentrations of several type C oncornaviruses
and bacteriophage T2 by the resistive-pulse technique. J Virol 1977;23:227–233.
11. Loh PC, Hohl HR, Soergel M. Fine structure of reovirus type 2. J Bacteriol
1965;89:1140–1144.
12. Brussaard CP, Marie D, Bratbak G. Flow cytometric detection of viruses. J Virol
Methods 2000;85:175–182.
13. Brussaard CP. Optimization of procedures for counting viruses by flow cytometry.
Appl Environ Microbiol 2004;70:1506–1513.
14. Steen HB. Flow cytometers for characterization of microorganisms. Curr Protoc
Cytom 2001; Chapter 1: Unit 1.11.
15. Steen HB. Flow cytometer for measurement of the light scattering of viral and other
submicroscopic particles. Cytometry A 2004;57A:94–99.
16. Brady RC, Bernstein DI. Treatment of herpes simplex virus infections. Antiviral Res
2004;61:73–81.
17. Palu G, Benetti L, Calistri A. Molecular basis of the interactions between herpes sim-
plex viruses and HIV-1. Herpes 2001;8:50–55.
18. Van de Perre P, Segondy M, Foulongne V, Ouedraogo A, Konate I, Huraux JM,
Mayaud P, Nagot N. Herpes simplex virus and HIV-1: Deciphering viral synergy.
Lancet Infect Dis 2008;8:490–497.
19. Roizman B, Sears AE. Herpes simplex viruses and their replication. In: Fields BN,
editor. Fields Virology, 3rd ed. Vol. 2. Philadelphia: Lippincott-Raven Publishers;
1996. pp 2231–2295.
20. Rixon FJ, McNab D. Packaging-competent capsids of a herpes simplex virus tempera-
ture-sensitive mutant have properties similar to those of in vitro-assembled procap-
sids. J Virol 1999;73:5714–5721.
21. Conway JF, Homa F. Nucleocapsid structure, assembly and DNA packaging of herpes
simplex virus. In: Weller SK, editor. Alphaherpesviruses: Molecular Virology. Norfolk,
UK: Caister Academic Press; 2011. pp 175–193.
22. Turcotte S, Letellier J, Lippe R. Herpes simplex virus type 1 capsids transit by the
trans-Golgi network, where viral glycoproteins accumulate independently of capsid
egress. J Virol 2005;79:8847–8860.
23. Mettenleiter TC, Klupp BG, Granzow H. Herpesvirus assembly: An update. Virus Res
2009;143:222–234.
24. Johnson DC, Baines JD. Herpesviruses remodel host membranes for virus egress. Nat
Rev Microbiol 2011;9:382–394.
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The ATP-Dependent RNA Helicase
DDX3X Modulates Herpes Simplex Virus
1 Gene Expression
Bita Khadivjam,a Camille Stegen,a Marc-Aurèle Hogue-Racine,a Nabil El Bilali,a
Katinka Döhner,b Beate Sodeik,b Roger Lippéa
Department of Pathology and Cell biology, University of Montreal, Montreal, Quebec, Canadaa; Institute of
Virology, Hannover Medical School, Hannover, Germanyb
ABSTRACT The human protein DDX3X is a DEAD box ATP-dependent RNA helicase
that regulates transcription, mRNA maturation, and mRNA export and translation.
DDX3X concomitantly modulates the replication of several RNA viruses and pro-
motes innate immunity. We previously showed that herpes simplex virus 1 (HSV-1), a
human DNA virus, incorporates DDX3X into its mature particles and that DDX3X is
required for optimal HSV-1 infectivity. Here, we show that viral gene expression, rep-
lication, and propagation depend on optimal DDX3X protein levels. Surprisingly,
DDX3X from incoming viral particles was not required for the early stages of the
HSV-1 infection, but, rather, the protein controlled the assembly of new viral parti-
cles. This was independent of the previously reported ability of DDX3X to stimulate
interferon type I production. Instead, both the lack and overexpression of DDX3X
disturbed viral gene transcription and thus subsequent genome replication. This
suggests that in addition to its effect on RNA viruses, DDX3X impacts DNA viruses
such as HSV-1 by an interferon-independent pathway.
IMPORTANCE Viruses interact with a variety of cellular proteins to complete their
life cycle. Among them is DDX3X, an RNA helicase that participates in most aspects
of RNA biology, including transcription, splicing, nuclear export, and translation. Sev-
eral RNA viruses and a limited number of DNA viruses are known to manipulate
DDX3X for their own benefit. In contrast, DDX3X is also known to promote inter-
feron production to limit viral propagation. Here, we show that DDX3X, which we
previously identified in mature HSV-1 virions, stimulates HSV-1 gene expression and,
consequently, virion assembly by a process that is independent of its ability to pro-
mote the interferon pathway.
KEYWORDS DDX3X, helicase, herpes, host-pathogen interaction, DNA virus, RNA
virus, interferon, herpes simplex virus, host-pathogen interactions, transcriptional
regulation, translational control
The human DDX3 protein is a member of a large family of DEAD box ATP-dependentRNA helicases. In humans, it is encoded by the X (DDX3X) and Y (DDX3Y) chromo-
somes, albeit the latter is restricted to testes (1). It participates in different stages of
cellular gene expression, such as transcription, mRNA maturation, and mRNA export
and translation (2). Given these crucial roles in RNA biology, several RNA viruses interact
with DDX3X, often with important consequences for viral replication. This includes
hepatitis C virus (HCV), norovirus, West Nile virus, and Japanese encephalitis virus (3–7).
This is also the case for HIV and hepatitis B virus (HBV), a peculiar DNA virus that relies
on an RNA template and reversed transcription to replicate its genome (8, 9). Further-
more, DDX3X also contributes to innate immunity against these viruses. For instance,
DDX3X stimulates interferon (IFN) type I production by binding IKK (IB kinase epsilon)
and TBK1 (tank-binding kinase 1), leading to IRF3 phosphorylation and activation (10,
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11). These findings position DDX3X as a critical player for the replication and immunity
against RNA-based viruses. However, its role is not restricted to these viruses since it
also impacts innate immunity against DNA viruses. For instance, the HBV viral poly-
merase binds IKK and blocks its ability to interact with DDX3X, thereby hampering
interferon production to the benefit of the virus (12). Similarly, the vaccinia virus (VACV)
K7 protein binds and sequesters DDX3X and prevents its interaction with the above
kinases, once again blocking interferon activation in favor of viral propagation (13).
DDX3X is therefore an important mediator of host-pathogen interactions that acts via
multiple and likely parallel routes on many RNA and at least two distinct DNA viruses.
Herpes simplex virus 1 (HSV-1) is a ubiquitous human pathogen that is dormant in
80 to 90% of the population but causes clinical symptoms in roughly a third of humans.
It is primarily associated with cold sores but is also responsible for severe infections in
both immunocompetent and immunodeficient individuals (14). Replication of herpes-
viruses occurs in the cell nucleus, where the virus takes over the host gene expression
machinery during an active infection. Three classes of HSV-1 genes, namely, the
immediate early (IE), early (E), and late (L) genes, are expressed in a sequential manner
by the cellular RNA polymerase II and a collection of transcriptional and translational
cellular factors (15). This expression cascade is stimulated by ICP0, ICP4, and VP16, three
tegument components present in mature viral particles that promptly act as transac-
tivators following viral entry in the cell (16–20). As for other viruses, HSV-1 gene
expression is clearly dependent on both viral and host proteins.
Past studies from our laboratory revealed that HSV-1 incorporates DDX3X into its
mature particles (16). Most interestingly, depleting either the viral or the cellular pool
of DDX3X significantly impairs HSV-1 infectivity (21). As the exact function of DDX3X in
the HSV-1 replication cycle is not clear, we examined more closely the nature of this
host-pathogen interaction. The present data from multiple assays show that DDX3X
impacts the propagation of HSV-1. They also reveal that the portion of DDX3X present
in the incoming virions is not required for the early stages of HSV-1 entry. In contrast,
depletion of DDX3X from the cell impacted viral particle assembly and intracellular and
extracellular viral yields. Interestingly, either reducing or overexpressing the cellular
pool of DDX3X downregulated HSV-1 gene expression. This dependency on DDX3X
protein levels was corroborated in rescue experiments using cells that were depleted
by a small interfering RNA (siRNA) targeting DDX3X (siDDX3X) and that concomitantly
expressed an siRNA-resistant DDX3X construct. At the mechanistic level, DDX3X mod-
ulated the transcription of immediate early, early, and late viral genes, including the
aforementioned viral transactivating proteins ICP0, ICP4, and VP16. This appeared
independent of the ability of DDX3X to promote IFN- production. We conclude that
DDX3X modulates HSV-1 yields by a novel mechanism implicating viral gene transcrip-
tion, irrespective of the interferon pathway.
RESULTS
DDX3X is required for optimal viral yields. We previously reported by proteomics
that HSV-1 incorporates the host protein DDX3X in mature virions (16) and that both
the cellular and virion-incorporated pools of DDX3X influence viral yields (21). To
independently validate the role of the cellular DDX3X in viral replication, we resorted
to the BHK21-derived tsET24 cell line, which harbors a temperature-sensitive (ts) DDX3X
inactive at 39.5°C but functional at 34°C (22). Infection of the tsET24 and parental BHK21
cell lines with wild-type HSV-1 showed that viral yields were strongly reduced at the
nonpermissive temperature in the tsET24 cell line but not affected in the parental cell
line (Fig. 1). This confirmed that DDX3X is indeed a modulator of the HSV-1 life cycle.
It also ruled out that nonspecific off-target effects were responsible for our past findings
(21).
HSV-1 yields are sensitive to DDX3X levels. Given that viral yields were lowered
upon depletion of the host protein DDX3X, we probed whether overexpression of the
protein would have the opposite effect on HSV-1. An initial examination by immuno-
fluorescence microscopy indicated that overexpression did not influence the subcellu-
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lar localization of DDX3X and that the level of exogenous DDX3X, based on quantita-
tion with the DDX3X antibody, was similar to that of its endogenous counterpart (Fig.
2A). Thus, cells were first transfected with wild-type DDX3X and then infected, and
extracellular virus production was measured by plaque assay. Unexpectedly, an excess
of DDX3X also reduced viral infectivity (Fig. 2B). This suggested that optimal viral
replication required a carefully controlled level of DDX3X.
To better define the relationship between DDX3X and the infection, we opted to
rescue DDX3X in siRNA-depleted cells. To this end, we first determined which of the
four siRNAs targeting DDX3X worked best (Fig. 3A) and generated a translationally
silent DDX3X mutation resistant to this specific siRNA. We then treated cells with this
unique siRNA to reduce endogenous DDX3X levels and rescued them with the above-
described siRNA-resistant DDX3X construct. Cells were subsequently infected with
HSV-1 K26GFP, a recombinant virus expressing a green fluorescent protein (GFP)-
tagged VP26 minor capsid component (23), and the presence of DDX3X and the virus
was monitored by fluorescence microscopy. Note that the exogenous DDX3X was
expressed at levels similar to those of its endogenous counterpart and double the total
DDX3X in the absence of siRNA (Fig. 3B and C, compare GS-DDX3X and transfection
agent only). The results also revealed that, as expected, silencing DDX3X significantly
reduced DDX3X. Interestingly, overexpression of DDX3X nearly abolished HSV-1 pro-
duction (Fig. 3B and C). Rescuing the depleted cells with exogenous DDX3X restored
the infection up to 63% compared to the level in untransfected cells (Fig. 3B and C,
bottom). The virus was clearly sensitive to the DDX3X protein levels.
The virus functionally interacts with endogenous DDX3X. To understand the role
of DDX3X in the viral life cycle, we next examined whether the virus influenced DDX3X
levels. To this end, we probed DDX3X expression by Western blotting in three cell lines
commonly used to study HSV-1, namely, HeLa, 143B, and Vero cells. HSV-1 infection had
no impact on DDX3X protein levels in HeLa and Vero cells but reduced them by half in
143B cells (Fig. 4). We also examined whether the virus altered the subcellular local-
ization of DDX3X. As shown in Fig. 5 (left panels), the endogenous DDX3X was primarily
localized in cytoplasmic granules in uninfected cells. Attempts to identify these gran-
ules with a variety of markers unfortunately failed to unambiguously identify them. In
agreement with previous studies, some DDX3X could also be detected in the nucleus
(Fig. 5, insets), consistent with its shuttling across the nuclear envelopes (24, 25). Upon
infection, DDX3X levels were once again unaffected in HeLa and Vero cells but reduced
in 143B cells, as reported above. However, DDX3X was somewhat aggregated in all
three cell lines (Fig. 5A, compare left and right panels). Furthermore, the GFP-tagged
viral particles often, but not always, colocalized with DDX3X in the cytoplasm (Fig. 5B),
in agreement with the incorporation of this cellular protein in mature virions (21). A
time course revealed that DDX3X started to aggregate between 3 and 6 h postinfection
FIG 1 DDX3X is necessary for HSV-1 replication. The DDX3X thermosensitive tsET24 and parental BHK21
cell lines were incubated for 24 h prior to infection at the permissive (34°C) or nonpermissive (39.5°C)
temperature and infected with HSV-1 K26GFP (MOI of 5) for an additional 24 h at that same temperature.
Afterwards, supernatants were collected and titrated on Vero cells. Titers were normalized to the mean
value obtained with samples infected at 34°C (arbitrarily set to 100%). Data represent the averages of two
independent experiments, each titrated in duplicates. The error bars represent the standard deviations
of the means.
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(hpi) and that this intensified with time (Fig. 6). As noted above, DDX3X also partially
colocalized with the ICP4 viral marker within the nucleus. Albeit the virus can alter the
localization of DDX3X and although viral proteins partially colocalize with it, we cannot
at this point formally infer that viral particles themselves functionally interact with
DDX3X. However, given that the cellular protein is incorporated in mature virions, this
FIG 2 (A) Overexpressed DDX3X colocalizes with endogenous DDX3X. HeLa cells grown on coverslips
were mock treated or transfected with pSG-N-4xHA-TEV-N-term DDX3X for 24 h. Cells were fixed and
reacted with antibodies against total DDX3X (red) or HA-specific antibodies to detect exogenous DDX3X
(green). Nuclei were labeled with Hoechst (blue). Samples were analyzed by confocal laser scanning
microscopy. Scale bar, 10 m. These results are representative of three individual experiments. (B) Effect
of DDX3X overexpression on HSV-1 infectivity. HeLa cells grown in six-well plates were either mock
treated or transfected with plasmids that express only the tag (GS-STOP) or the exogenous DDX3X fused
to the tag (GS-DDX3X) for 24 h and then infected with wild-type HSV-1 at an MOI of 5 for 18 h.
Supernatants, containing extracellular viruses, were then collected and titrated on Vero cells. Data
represents the pool of five individual experiments. Bilateral Student’s t tests (with standard deviations
shown) were performed to detect significant hits compared to results with the transfection agent-only
control. (*, P  0.05; **, P  0.01).
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FIG 3 (A) RNA interference efficiency. HeLa cells seeded in 24 wells were individually transfected for 48
h with each of the different siRNAs against DDX3X (a, b, c, and d) that are present in the SMARTpool. Cell
lysates were collected, and Western blotting was done as described previously. Values represent the
amounts with respect to the untransfected control. The data are representative of two individual
experiments. Normal levels of DDX3X best support HSV-1 propagation. (B) HeLa cells grown on coverslips
were sequentially mock transfected or treated with siDDX3Xa in the presence or absence of a plasmid
coding for the siRNA-resistant DDX3X mutant (pGS-TAP-tagged DDX3X, here called GS-DDX3X) for 48 h.
All but the mock-infected samples were subsequently infected at an MOI of 5 with HSV-1 K26GFP (green
signal) for 18 h. The cells were finally fixed and reacted with primary antibodies against DDX3X and
appropriate secondary antibodies, a method which detects both endogenous and exogenous DDX3X
(red signal), while nuclei were labeled with Hoechst (blue signal). Samples were analyzed by fluorescence
microscopy. (C) Fluorescence intensities (relative units [RU]) were quantified for 100 cells using ImageJ.
Scale bar, 10 m. The data are representative of three independent experiments. Bars indicate the means
and error bars indicate standard deviations of the mean (bilateral Student t tests; **, P  0.01 and ***,
P  0.001; NS, not significant).
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seems plausible, and it would be interesting to find whether this occurs in the nucleus,
cytoplasm, or elsewhere.
DDX3X downregulation alters novel viral particle assembly. A number of sce-
narios may justify the presence of a host protein in mature virions. One explanation
might be that it is needed immediately after cell entry to initiate an infection. A second
scenario would be that the protein boosts viral replication postentry. A third one is that
DDX3X virion incorporation may be a bystander effect of a previously occurring
interaction taking place during viral particle assembly or transport toward the cell
periphery. Note that these options are not mutually exclusive. To address the first of
these scenarios, we directly probed whether the virion-associated pool of DDX3X is
required for viral entry. To this end, we used a viral strain that encodes luciferase under
a constitutive cytomegalovirus (CMV) immediate early promoter (26). We concomitantly
infected cells with this virus, a wild-type virus (i.e., without the luciferase cassette), or
no virus at all (mock infection). To specifically probe the role of DDX3X during entry, we
additionally infected the cells with the luciferase-coding virus depleted of DDX3X or, as
a control, depleted of VP16, a transactivating viral protein incorporated in virions and
known to jump-start viral gene expression (21). To synchronize the infection, viral
adsorption was performed at 4°C for 1 h, and the cells were subsequently transferred
to 37°C for an additional hour. Other control cells were maintained at 4°C throughout
the experiment to prevent viral entry. Entry of the virus into the cells was then
monitored via luciferase expression. Viruses devoid of the luciferase gene, mock-
infected cells, or the luciferase-encoding virus incubated at 4°C all gave signals at the
background level (Fig. 7). In contrast, incubation of the untreated luciferase-positive
virus at 37°C gave a strong signal, which was normalized to 100%. Infection by VP16-
or DDX3X-depleted luciferase-positive virions resulted in similar signals, indicating that
their presence in the mature virus was not essential for this early phase of the infection.
This also suggested that the CMV immediate early promoter driving the luciferase is
insensitive to VP16, as expected. Together, these observations suggested that DDX3X
acted downstream of viral entry.
Thus far, our findings pointed to a requirement for DDX3X in the HSV-1 life cycle at
some time after viral entry. To define whether this phenomenon is due to a block in
viral egress from the intracellular to the extracellular environment or to a reduction in
the assembly of viral particles, we next examined intracellular viral yields. The results
indicated that DDX3X depletion from cells significantly reduced the amount of intra-
cellular viral particles, as did the knockdown of the transactivator and structural VP16
protein (Fig. 8). Consistently, less GFP signal was observed by immunofluorescence
following an HSV-1 K26 GFP viral infection after DDX3X or VP16 depletion (Fig. 9). Thus,
DDX3X was required for the efficient assembly of nascent viral particles. To ascertain
FIG 4 Impact of HSV-1 on endogenous DDX3X cellular levels. HeLa, Vero, and 143B cells were seeded in
10-cm plates 24 h prior to infection. Cells were then either mock treated () or infected () with
wild-type HSV-1 at an MOI of 5 for 18 h. Total cell lysates were then collected, and DDX3X cellular levels
were probed by Western blotting. -Tubulin was used as a loading control. Numbers below the blots
indicate the average levels of DDX3X, normalized for -tubulin, from five independent experiments.
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whether this truly translated into fewer viral particles, we performed an electron
microscopy analysis under depleted or DDX3X overexpression conditions. As shown in
Fig. 10A and quantified in panel B, both scenarios significantly reduced the total
number of viral particles associated with the cells, as did the control siVP16 depletion.
DDX3X modulates viral gene expression. Given the reduced production of viral
particles upon DDX3X depletion and given that DDX3X is a known modulator of host
gene transcription and translation, we wondered if DDX3X could also regulate viral
gene expression. To address this, we probed representative candidates of the three viral
kinetics classes, namely, ICP0 and ICP4 (immediate early proteins), ICP8 and pUL23
(early proteins), and VP16 and pUL31 (late proteins) under normal, reduced (siDDX3X),
or enhanced (DDX3X overexpression) conditions. We infected cells for 9 h since it is an
intermediate time point when both early and late viral proteins are detectable. Both
DDX3X conditions negatively affected the expression of all classes of viral proteins,
including once again VP16 (Fig. 11A). Note that these Western blots were not per-
formed with film but, rather, with a ChemiDoc digital instrument, which gives very
FIG 5 Endogenous DDX3X subcellular localization. (A) HeLa, Vero, and 143B cells were seeded on
coverslips 24 h prior to infection. Cells were then either mock infected or inoculated with HSV-1 K26GFP
(green) at an MOI of 5 for 18 h. Cells were then fixed, permeabilized, and immunostained with an
antibody specific for DDX3X (red), and the nuclei were stained with Hoechst (blue). Cells were finally
analyzed by confocal laser scanning microscopy. (B) Close-up view in the cytoplasm of infected HeLa
cells. Scale bar, 10 m. Results are representative of three independent experiments.
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good linear detection signals (Fig. 11B). Quantification of several independent experi-
ments, which were normalized against a -tubulin loading control, confirmed these
findings (Fig. 11C). To evaluate if the reduced protein levels were the consequence of
reduced transcription, the samples were further analyzed by quantitative reverse
transcription-PCR (qRT-PCR). The data showed that most of the viral gene transcripts
were negatively impacted by both reduced and overabundant DDX3X (Fig. 12), albeit
the changes were slightly less than those in the corresponding protein levels (Table 1).
DDX3X’s effect on the virus is independent of IFN- production. Given the role
of DDX3X in innate immunity (see introduction), we probed by qRT-PCR the impact of
DDX3X modulation on interferon type I production using IFN- as a gauge. As reported
elsewhere (10), depleting endogenous DDX3X had no effect on the already low level of
IFN- mRNA in uninfected cells, while DDX3X overexpression strongly stimulated its
expression (Fig. 13). Meanwhile, IFN- production was slightly increased by the virus
compared to the level in mock-treated cells, but this was not statistically significant,
which is perhaps consistent with the ability of the virus to counteract this innate
response. Not surprisingly in this context, depleting or overproducing DDX3X in
infected cells did not have any major impact on IFN- levels (Fig. 13). Thus, as
previously documented by other investigators, DDX3X positively promoted IFN- levels
in uninfected cells but had a limited effect in HSV-1-infected cells. Therefore, the
well-known ability of DDX3X to modulate the interferon type I pathway did not appear
FIG 6 Time course of DDX3X aggregation. HeLa cells grown on coverslips were infected with wild-type
HSV-1 at MOI of 5 for 3, 6, 9, and 24 hpi. Cells were fixed at the indicated time points and reacted with
antibodies against endogenous DDX3X (red) or ICP4 (green; to delineate infected cells), while nuclei were
labeled with Hoechst (blue). Samples were analyzed by fluorescence microscopy. Scale bar, 10 m. These
results are representative of two individual experiments. Arrows indicate the colocalization of DDX3X
with ICP4.
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to play a critical role here since both DDX3X knockdown and overexpression reduced
viral gene transcription. This suggested that DDX3X may act on viral propagation by an
interferon-independent pathway.
To independently evaluate if DDX3X significantly impacted HSV-1 propagation via
innate immunity, we measured viral genome copies by quantitative PCR (qPCR) under
normal, depleted, or overexpressed DDX3X conditions. The data illustrated that viral
genome replication was strongly inhibited under conditions of both depletion and
overexpression (Fig. 14), in agreement with the scenario whereby DDX3X acted on the
FIG 7 Virion-associated DDX3X has no effect on HSV-1 entry. 143B cells preseeded in 24-well plates were
mock infected or infected at an MOI of 30 for 1 h at 4°C with various HSV-1 viruses, as indicated below
each bar. These included wild-type HSV-1 (luciferase-negative) and untreated and DDX3X- or VP16-
depleted HSV-1(17)Lox-Luc viruses. To enable viral entry, the cells were then incubated at 37°C for
another hour and subsequently lysed at room temperature for 30 min in the presence of luciferin and
energy. As a control, one sample was left at 4°C throughout the experiment to prevent viral entry.
Samples were then transferred to 96-well plates and analyzed with a luminometer. Values represent the
mean relative light units (RLU) from two independent experiments, and error bars indicate the standard
deviations of the means. Asterisks indicate the results of bilateral Student’s t tests (***, P  0.001).
ScrVP16, scrambled siRNA targeting VP16.
FIG 8 Impact of DDX3X knockdown on intracellular virions. 143B cells were transfected with siRNA pools
targeting DDX3X or VP16 and infected with K26GFP at an MOI of 5. Cells were collected and lysed, and
viruses were titrated on Vero cells. The error bars show the standard deviations of the means of two
independent experiments. Bilateral Student’s t tests were performed to detect significant hits compared
to results with the transfection agent-only control (***, P  0.001).
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virus independently of its ability to modulate IFN- production. To confirm this
hypothesis, we resorted to a well-characterized DDX3X point mutant (K230A) that
abolishes its ATPase—and consequently helicase—activities without perturbing its
ability to modulate the interferon pathway (8, 10, 13). Our rationale was that if DDX3X
primarily acted via the interferon type I pathway, the mutant should behave like
wild-type DDX3X and block viral propagation, but if the ATPase activity is the main
driver, the mutant would not have any impact and would allow the virus to replicate
normally. The data showed that the K230A mutant was normally expressed and
completely inactive (Fig. 15B). This indicated that DDX3X acted on the virus via its
ATPase/helicase activities independently of the interferon pathway.
FIG 9 Inhibition of DDX3X-reduced viral particle assembly. 143B cells were mock infected, mock
transfected, or treated with a nontargeting siRNA or with pooled siRNAs against DDX3X or VP16 as
indicated. All but the mock-infected samples were incubated with HSV-1 K26GFP (green signal) at an MOI
of 5 for 18 h. The cells were fixed, and the nuclei were stained with Hoechst 33342 (blue). Right panels
are enlargements of the boxed sections present in the left panels. Scale bar, 10 m.
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DISCUSSION
The DDX3X RNA helicase modulates HSV-1 propagation. The present data, along
with our past findings (21), indicate that depletion of DDX3X either in cells or in HSV-1
mature viral particles led to a significant reduction of infectious HSV-1 particles. Two
independent data sets confirmed that this was specific and not the result of off-target
effects associated with RNA interference. First, viral yields were significantly rescued by
an siRNA-resistant DDX3X construct (Fig. 3). Second, orthogonal validation of the results
with the tsET24 cell line, where DDX3X is nonfunctional at the restrictive temperature,
further proved that the phenotypes were directly linked to DDX3X (Fig. 1). We conclude
that DDX3X is required for optimal HSV-1 propagation.
Despite the contribution of DDX3X to viral yields, overexpression of DDX3X unex-
pectedly also reduced virus production (Fig. 2 and 3). This was corroborated by the fact
FIG 10 DDX3X plays a role in viral assembly. HeLa cells were either transfected with siDDX3X, siVP16, GS-DDX3X or just
treated with a nontargeting siRNA (scVP16) or transfection reagent (Pepmute). All but the mock-infected samples were
infected with HSV-1 strain 17 at an MOI of 5 for 18 h. The cells were fixed and processed for Epon embedding (see
Materials and Methods) to be observed by electron microscopy. (A) Representative cells for each condition. Enlargements
(boxed higher-magnification images) were added to help visualize the mature virions more clearly. (B) The data represent
the quantification of total cell-associated viral particles, both intracellular and those bound to the extracellular surface of
the cells, for 12 individual cells of each condition from two independent experiments. Error bars indicate the standard
deviations of the means Asterisks show the results of bilateral Student’s t tests (***, P  0.001). Scale bars are as indicated
on each figure.
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that we detected HSV-1 K26GFP expression in only 0.9% of the cells overexpressing
DDX3X (Fig. 3). This inhibition notably required the ATPase and helicase activities of
DDX3X (Fig. 15). Though initially counterintuitive, this apparent contradiction has also
been reported for hepatitis B and C viruses (9, 27). We presume that reduced or
overabundant DDX3X levels exert their effects by distinct mechanisms and postulate
that DDX3X stimulates viral production when it is present in rate-limiting or normal
amounts. In contrast, overabundant functional DDX3X may compete with one of its
FIG 11 Effect of depletion or overexpression of DDX3X on HSV-1 gene expression. (A) HeLa cells seeded in six-well plates were transfected
for 48 h with pooled siRNA against DDX3X and/or a plasmid coding for siRNA-resistant DDX3X. Cells were subsequently infected at an
MOI of 5 with wild-type HSV-1 and harvested at 9 hpi and lysed. Twenty micrograms of the lysates was directly loaded onto SDS-PAGE
gels and analyzed by Western blotting. -Tubulin was used as the loading control. (B) HeLa cells were seeded in a 10-cm petri dish for
24 h; cell lysates were then collected using three freeze-thaw cycles. Different amounts of cell lysate were loaded on an SDS-PAGE gel in
duplicates to exclude potential loading errors. Western blotting was done using DDX3X or -tubulin antibodies. Linearity of the results
was assayed by measuring the signal intensity of each point (mean of the duplicates). R2 values were measured using GraphPad Prism,
version 6. (C) Protein expression was evaluated, normalized to the level of -tubulin, and compared to the values obtained for infected
but nontransfected cells. The reported values represent the average of two experiments. The error bars indicate standard deviations of
the means. Bilateral Student’s t tests were performed (*, P  0.05; **, P  0.01, ***, P  0.001). Note that throughout this study, Western
blots were quantified on a ChemiDoc MP system with a 4 orders of magnitude dynamic range, not film which has a poor linearity. In panels
A and C, proteins are classified as immediate early (), early (), and late ().
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molecular partners and repress the endogenous DDX3X machinery. This seemed in line
with our inability to generate cell lines stably overexpressing DDX3X (data not shown).
In this context, it is worth noting that HSV-1 did not alter the DDX3X protein levels in
HeLa and Vero cells (Fig. 4 and 5). Why the virus reduced DDX3X protein levels to a
significant extent in 143B cells remains to be elucidated. Nonetheless, our working
hypothesis is supported by our rescue experiments whereby transfection of siDDX3X-
resistant exogenous DDX3X in siDDX3X-treated cells partially rescued both normal
levels of DDX3X and viral output (Fig. 3). Hence, DDX3X is an important host partner for
HSV-1.
DDX3X acts on HSV-1 gene expression. Distinct nonexclusive scenarios could
explain the presence of DDX3X in mature HSV-1 particles. First, the virion-associated
DDX3X may be required to initiate an efficient infection. However, this was mandatory
as viral entry was unperturbed by the depletion of DDX3X within the viral particles prior
to the entry assay (Fig. 7). It remains possible, though, that the cellular pool of DDX3X
takes over this task. Second, DDX3X incorporation in virions could be due to an
interaction of the host protein and structural components of the virus and merely
TABLE 1 Effect of DDX3X depletion or overexpression on HSV-1 gene expression
Gene Protein
Value under the indicated DDX3X condition (%)a
Depletion Overexpression
mRNA level Protein level mRNA level Protein level
RL2 ICP0 72  10 36  2* 47  29 12  9
RS1 ICP4 71  7 18  0.6† 48  14 8  4*
UL29 ICP8 65  4 52  6 43  15 28  5
UL23 TK 69  10 44  14 58  12 9  2*
UL31 pUL31 71  7 39  13 48  14 11  0.04
UL48 VP16 58  7 22  1* 41  10 1  1*
aSignificant differences between mRNA and protein levels (means  standard deviations) for each condition
in two independent experiments based on bilateral Student’s t tests are indicated. *, P  0.05; †, P  0.001.
FIG 12 Impact of DDX3X on viral gene transcription. HeLa cells were seeded in six-well plates and
transfected for 48 h either with siDDX3Xa or an siRNA-resistant DDX3X plasmid. Following 8 h of infection
with wild-type virus at an MOI of 5, total RNA was collected and reverse transcribed into cDNAs.
Expression levels of immediate early (), early (), or late () viral genes were analyzed by qRT-PCR. Values
represent the averages of two experiments. All the values were normalized to the level of GAPDH.
Bilateral Student’s t tests were performed to detect significant hits compared to results with the
transfection agent-only control, arbitrarily set at 100% (*, P  0.05; **, P  0.01).
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reflect a past role(s) or simply a sticky protein. Although we cannot formally rule this
out, it is clear that DDX3X plays an active role in the assembly of novel viral particles
by regulating the transcription of viral genes (Fig. 11). Given the stronger impact of
DDX3X on viral protein levels than on transcription (Table 1), it is conceivable that
DDX3X also acts on other steps of viral gene expression, namely, mRNA transport,
stability, or translation or even viral protein stability. On the other hand, the more
pronounced effect of DDX3X on protein levels may simply be the consequence of the
relative abundance of viral transcripts, albeit this is hard to correlate (28). We conclude
that DDX3X clearly modulates HSV-1 gene transcription with potential impacts on other
steps of gene expression. The presence of DDX3X in various mature extracellular
herpesviruses, including HSV-1, pseudorabies virus (PRV), and human CMV (HCMV) (29),
suggests that the present findings may apply to several viruses. One major outstanding
question is why these viruses incorporate DDX3X in their viral particles.
Mechanism of DDX3X action. Whether DDX3X acts directly on various viral genes
or indirectly via a few select molecules is unclear. Thus far, DDX3X was shown to bind
to the IFN- and the tumor suppressor p21 promoters, thus suggesting a direct role as
a transcription cofactor (10, 30). However, precise binding motifs have yet to be
identified.
An intriguing scenario is the stimulatory role that DDX3X plays in innate immunity
upon TBK1 and IKK binding and IRF3 activation (10, 13, 31). As expected, modulating
DDX3X levels did alter interferon production in uninfected cells but had minimal
impacts in infected cells (Fig. 12), presumably because of the well-documented ability
of the virus to circumvent this pathway (32). Since either increasing or decreasing
DDX3X levels reduced viral yields (Fig. 1 to 3 and 8 to 10), gene expression (Fig. 11 and
12 and Table 1), and genome copy numbers (Fig. 14), this suggested that DDX3X acted
on HSV-1 independently of the interferon pathway. This model is supported by the
observation that a helicase-deficient DDX3X mutant, which is still able to stimulate
interferon production (10, 13), was completely dead in our hands and failed to limit
HSV-1 propagation (Fig. 15). So, we conclude that DDX3X most likely modulates HSV-1
gene expression in an interferon-independent manner.
FIG 13 IFN transcription levels. HeLa cells grown in six-well plates were transfected for 48 h with
siDDX3Xa and/or an siRNA-resistant DDX3X plasmid. Cells were either mock treated or subsequently
infected with wild-type virus for 8 h at an MOI of 5. Total RNA was collected, and IFN- mRNA was
measured by qRT-PCR normalized to GAPDH levels. Data represent the average of two independent
experiments. Bilateral Student’s t tests were performed to detect significant hits compared to results with
the transfection agent-only control (NS, not significant; ***, P  0.001). RU, relative units.
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DDX3X is a key player for both RNA and DNA viruses. DDX3X is a multifunctional
cellular protein that interacts with viruses at several levels. Much of the current
literature focuses on RNA viruses, given that DDX3X has RNA helicase activity. Not
surprisingly, DDX3X was found to promote genome replication of many RNA viruses
(33). However, DDX3X binds TBK1/IKK, which stimulate both IRF3 activation and
interferon type I production, thereby promoting an antiviral state (10, 11). This implies
that DDX3X has dual functions that can either facilitate or hamper viruses. Interestingly,
the latter property is not limited to RNA viruses but also operates on vaccinia virus and
hepatitis B virus, two DNA viruses (12, 13). Accordingly, DDX3X influences viral out-
comes both via innate immunity and RNA viral gene duplication. The present study
further suggests that DDX3X also acts on DNA viruses by a third mechanism, namely,
by modulating viral gene expression.
MATERIALS AND METHODS
Cells, viruses, and plasmids. HeLa (ATCC CCL-2), Vero (ATCC CCL-81), 143B thymidine kinase-
negative (TK) (ATCC CRL-8303), tsET24, and BHK21 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM L-glutamine and either 10% fetal bovine serum (FBS) or 5%
bovine growth serum (BGS). 143B cells were also supplemented with 15 g/ml 5-bromo-2 deoxyuridine
(BrdU; Sigma) except prior to transfection and infection. The tsET24 thermosensitive and parental BHK21
cell lines (a kind gift from Takeshi Sekiguchi, Kyushu University [22]) were passaged at the permissive
temperature of 34°C.
HSV-1 K26GFP (strain KOS; provided by Prashant Desai, Johns Hopkins University [23]) is a fluorescent
virus tagging the minor VP26 capsid component. Wild-type HSV-1 strain F was obtained from the
American Type Culture Collection (ATCC VR-735). The HSV-1(17)Lox-Luc viral strain is derived from
strain 17 and encodes a luciferase gene under the constitutive immediate early CMV promoter
positioned between the UL55 and UL56 HSV-1 genes (26). All viruses were propagated on BHK cells and
titrated on Vero cells as previously described (34).
FIG 14 Viral genome copies upon siDDX3X depletion or overexpression. HeLa cells seeded in six-well
plates were transfected for 48 h with siDDX3Xa and/or an siRNA-resistant DDX3X plasmid. Cells were
then infected with wild-type virus for 8 h at an MOI of 5. Total DNA was then collected, and viral genome
copy numbers were measured by qPCR. Data represent the average of two experiments. Bilateral
Student’s t tests were performed to detect significant hits compared to results with the transfection
agent-only control (*, P  0.05).
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The pGS-TAP-tagged DDX3X (DDX3X fused to protein G and streptavidin binding peptide with a
tandem affinity purification [TAP] tag), pSG-N-4xHA-TEV-N-term DDX3X (hemagglutinin [HA]-tagged
DDX3X; TEV is tobacco etch virus) and pSG-N-4xHA-TEV-N-term K230A (defective mutant) eukaryotic
expression plasmids were a kind gift from G. Superti-Furga (Research Center for Molecular Medicine) (10).
An siRNA-resistant plasmid was derived from pGS-TAP-tagged DDX3X using a QuikChange II XL site-
directed mutagenesis kit (Agilent Technologies) and forward primer 5=-GGAAAGAGGAAAGATTGATTAG
ACTTTTGTAAGTATCTGGTCCTGGATGAAGCTGATCGGATGTTGGATATGGG-3= and reverse primer 5=-CCCC
ATATCCAACATCCGATCAGCTTCATCCAGGACCAGATACTACAAAAGTCTAATCCAATCTTTCCTCTTTCC-3=, as
per the manufacturer’s instructions (bold sequences indicate the silent point mutations). We also
generated a plasmid that expresses only the GS tag by changing the first methionine in the DDX3X
sequence to a stop codon. In addition, three other amino acids at the beginning of the DDX3X sequence
were also changed to stop codons to make sure that protein was not expressed, using the following
primers: forward primer, 5=-CTG GTC CAG CCC GAG CGC ATT TTA CAC TCA CAC TTA ACT CTA GGA GCC
TGC TTT TTT GTA CAA AC-3=; reverse primer, 5=-GTT TGT ACA AAA AAG CAG GCT CC TAG AGT TAA GTG
TGA GTG TAA AAT GCG CTC GGG CTG GAC CAG-3= (mutations are in boldface). This plasmid served as
a negative control in our experiments and is referred to as GS-STOP in the manuscript.
Antibodies. Primary antibodies were as follows: the anti-human DDX3 rabbit R648 polyclonal serum
(immunofluorescence, 1:200; Western blot, 1:2,000) was a kind gift from A. Patel (University of Glasgow
Centre for Virus Research) (35). Viral antibodies were generously provided by several laboratories and
used at the indicated dilutions for Western blotting: VP16 (1:1,000; Helena Browne), TK (1:2,500; James
R. Smiley), and pUL31 (1:1,000; Joel D. Baines). All other antibodies were purchased from commercial
vendors, including anti-VP5 (1:5,000; Cedarlane), -tubulin (1:5,000; Sigma-Aldrich), and ICP4 (immuno-
fluorescence, 1:500; Western blot, 1:5,000), ICP8 (1:1,000), and ICP0 (1:1,000) were all purchased from
Abcam. All secondary antibodies were purchased from Molecular Probes.
Fluorescence microscopy. HeLa, Vero, or 143B cells were seeded overnight on coverslips in 24-well
plates at a concentration of 1.5  104 cells/well. Cells were mock treated or infected with HSV-1 K26GFP
at a multiplicity of infection (MOI) of 5. After a 1-h adsorption at 37°C, cells were washed twice in
phosphate-buffered saline (PBS), fresh medium was added, and the cells were incubated for another 18
h prior to fixation and permeabilization with 3% paraformaldehyde and 0.1% Triton X-100. The cells were
then incubated with a rabbit anti-DDX3X antibody for 1 h and further incubated for 45 min with a goat
anti-rabbit antibody coupled to Alexa Fluor 568 (Molecular Probes). The samples were finally stained with
Hoechst 33342 (Sigma-Aldrich) and examined on an Axiophot epifluorescence or LSM700 confocal
FIG 15 (A) The K230A DDX3X mutant is expressed at levels similar to those of the wild type. HeLa cells
grown on coverslips were mock treated or transfected with pSG-N-4xHA-TEV-N-term K230A for 24 h. Cells
were fixed and labeled with antibodies against total DDX3X (red) or with HA-specific antibodies to detect
mutant DDX3X (green). Nuclei were labeled with Hoechst (blue). Samples were analyzed using confocal
laser scanning microscopy. Images are representative of three individual experiments. Scale bar, 10 m.
(B) Overexpression of an ATPase/helicase-inactive but interferon-competent DDX3X mutant has no
impact on viral propagation. HeLa cells grown in six-well plates were either mock treated or transfected
for 24 h with exogenous wild-type (wt) DDX3X or the ATPase/helicase-deficient but interferon-
competent K230A mutant. They were then infected with wild-type HSV-1 for 18 h at an MOI of 5.
Extracellular viruses in the supernatant were then collected and titrated on Vero cells. Data represents
the pool of five individual experiments. Statistical significance was assessed based on bilateral Student’s
t tests (**, P  0.01; ***, P  0.001).
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microscope (Zeiss). Fluorescence intensities were calculated by ImageJ by subtracting the background
signal then dividing this net signal by the cell area.
Western blotting. HeLa, Vero, or 143B cells were mock treated or infected with wild-type HSV-1 at
an MOI of 5 and collected 18 h later by scraping them in lysis buffer (10 mM Tris, pH 7.4, 150 mM NaCl,
2 mM MgCl2, 5 mM dithiothreitol [DTT], 1 mM EDTA, 1% Igepal, and a cocktail of protease inhibitors).
After centrifugation for 5 min at 4°C and 500  g, cell pellets were resuspended in lysis buffer and
incubated on ice for 1 h. Then they were passed through 27-gauge 1/2-in. needles three times and
treated with DNase for 30 min at 37°C (500 U/ml; Roche). Cell debris was removed by spinning at
2,500  g for 10 min, and cell lysates were collected. Samples (typically 20 g) were loaded on 8%
acrylamide SDS-PAGE gels in protein sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 0.1% bromophenol
blue, 10% glycerol, and 2% -mercaptoethanol). Proteins were then transferred to polyvinylidene
difluoride (PVDF) membranes, which were then incubated for 1 h in blocking buffer (5% nonfat dry milk,
13.7 mM NaCl, 0.27 mM KCl, 0.2 mM KH2PO4, 1 mM Na2HPO4, and 0.1% Tween 20). The membranes were
ultimately reacted with antibodies as indicated in each figure legend. When indicated (Fig. 3A, 4, and 11),
protein expression levels were quantified with a ChemiDoc MP System (Bio-Rad), which has a dynamic
range of 4 orders of magnitude, and Image lab, version 5.0, software (Bio-Rad).
Thermosensitive DDX3X. Thermosensitive tsET24 and parental BHK21 cells were plated in six-well
plates and incubated at the permissive temperature of 34°C or the nonpermissive temperature of 39.5°C
for 24 h. The cells were then mock treated or infected with HSV-1 K26GFP at an MOI of 5 at 34°C or 39.5°C.
Cells and supernatants were collected at 24 h postinfection (hpi), and HSV-1 production was titrated on
Vero cells by plaque assays.
DDX3X Overexpression. HeLa cells were seeded on coverslips in 24-well plates at a concentration
of 2.0  104 cells/well. The next day, cells were transfected for 24 h with 0.5 g/well of pGS-TAP-tagged
DDX3X using LipoD293 reagent (SignaGen). Cells were subsequently infected for a further 18 h with
wild-type HSV-1 K26GFP at an MOI of 5. The samples were finally fixed and permeabilized as described
above and observed on an Axiophot epifluorescence microscope (Zeiss). To measure the impact of
DDX3X overexpression on viral yields, HeLa cells were seeded at a concentration of 5.5  105 cells/well
in six-well plates and transfected with pSG-N-4xHA-TEV-N-term DDX3X or pSG-N-4xHA-TEV-N-term
K230A for 24 h with 4 g/well of DDX3X constructs. Cells were then infected for a further 18 h with
wild-type HSV-1 at an MOI of 5. Supernatants containing extracellular viruses were collected and titrated
on Vero cells.
RNA interference. siRNAs against human DDX3X were either used as a SMARTpool of four siRNAs
(Dharmacon) or individually tested as indicated in the respective figure legends. These siRNA were the
following: siDDX3Xa, GCAAATACTTGGTGTTAGA; siDDX3Xb, ACATTGAGCTTACTCGTTA; siDDX3Xc, CTAT
ATTCCTCCTCATTTA; and siDDX3Xd, GGTATTAGCACCAACGAGA. siRNAs (25-nm) were transfected into
143B or HeLa cells using either Pepmute (Signagen) or Lipofectamine 2000 (Thermo Fisher) for 48 h.
Generation of depleted virions. To produce depleted virions, 1  106 143B cells were seeded in
10-cm dishes for 24 h. These cells were then either transfected or mock treated for 48 h with 25 nM siRNA
against DDX3X, VP16, or scVP16 (scrambled siRNA targeting VP16) (21) using Lipofectamine 2000
(Invitrogen). Cells were then infected for another 24 h with HSV-1(17)Lox-Luc or wild-type virus at an
MOI of 5. In order to separate intracellular and extracellular virions, the tissue culture medium was first
removed, and cells were scraped, centrifuged at 250  g for 5 min at 4°C, and resuspended in MNT (30
mM morpholinoethanesulfonic acid, 100 mM NaCl, and 20 mM Tris, pH 7.4). Meanwhile, the extracellular
medium was concentrated at 40,000  g for 40 min at 4°C, and viral pellets were resuspended in the MNT
buffer. All viruses were then titrated on Vero cells.
DDX3X rescue. HeLa cells were seeded on coverslips at a concentration of 2.0  104 cells/well. Cells
were transfected for 24 h with 25 nM siRNA against DDX3X (siDDX3Xa) or with transfection agent only
as control. Cells were then transfected a second time with an siRNA-resistant DDX3X construct using
LipoD293 reagent for a further 24 h. They were finally infected with HSV-1 K26GFP at an MOI of 5 for 18
h. The cells were then fixed and permeabilized as described above and examined with an Axiophot
epifluorescence microscope. Quantification of fluorescence signals was done with ImageJ (version 1.48),
and values were normalized per cell areas.
Entry assay. 143B cells were seeded in 24-well plates 24 h before infection at a concentration of
1 105 cells/well. Cells were inoculated with wild-type HSV-1, untreated HSV-1(17)Lox-Luc, depleted
viruses (see above), or, as a control, no virus at all under conditions that enable the virus to bind the cells
but not penetrate them (MOI of 30; 4°C for 1 h). Samples were then shifted to 37°C for another 1 h and
lysed for 30 min at room temperature with 100 l/well of lysis buffer from a firefly luciferase assay kit
(Biotium). Samples were then transferred to 96-well plates and analyzed by a LUMIstar Galaxy luminom-
eter (BMG Labtech). Luminescence was quantified using LUMIstar Galaxy software, version 4.30-0.
qRT-PCR. Following DDX3X depletion or overexpression (see above), HeLa cells were infected with
wild-type HSV-1 for 8 h. Total RNA was extracted using an SV Total RNA Isolation System (Promega). The
RNA was then reverse transcribed with a high-capacity cDNA reverse transcription kit (Applied Biosys-
tems) according to the manufacturer’s instructions. The cDNA was then analyzed by quantitative PCR
using a LightCycler 480 (Roche). Viral (ICP0, ICP4, UL23, ICP8, VP16, and UL31) or cellular (DDX3X and
IFN-) genes were quantified using the standard curve method and normalized to an endogenous
control (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]). All PCRs were performed using SYBR
Green (Molecular Probes), and primers are as indicated in Table 2.
Viral genome copies. DDX3X was either depleted or overexpressed in HeLa cells as detailed above.
Cells were then infected with wild-type HSV-1 for 8 h. Total DNA was purified from each condition using
GenElute Mammalian Genomic DNA Miniprep kits (Sigma) as per the manufacturer’s instructions. For the
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qPCR analysis, gB-specific primers (Table 2) were used with the above SYBR Green assay using GAPDH
as the internal control.
Electron microscopy. HeLa cells seeded in 10-cm dishes were either depleted of DDX3X or VP16
with an siRNA or transfected to overexpress DDX3X. Forty-eight hours later, the cells were infected with
HSV-1 strain 17 for 18 h. Samples were subsequently fixed (2.5% glutaraldehyde, 2% paraformaldehyde,
0.1 M cacodylate buffer, pH 7.2). Fixed cells were washed twice in 0.1 M cacodylate buffer, pH 7.2, and
spun at 3,300  g. The cells were resuspended in postfixation buffer (1% osmium tetroxide, 0.1 M
cacodylate buffer) for 1 h at 4°C. Next, samples were gradually dehydrated using ethanol at 30%, 50%,
70%, 95%, and 100%. Cells were permeabilized with propylene oxide and then embedded in Epon [Epon
812; dodecenyl succinic anhydride (DDSA), nadic methyl anhydride (NMA) plus tri(dimethyl amino
methyl) phenol (DMP-30)]. Embedded samples were cut with a Leica (MZ6) Ultracut UCT ultramicrotome
(80- to 90-nm thickness). A Phillips 300 transmission electron microscope was used to analyze the
sections.
Statistical analysis. Virus titers, protein abundance, and fluorescence were normalized to the values
obtained for the controls as mentioned in each figure legend and analyzed with bilateral Student’s t tests
using GraphPad Prism, version 5 (GraphPad Software).
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